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Sickle cell disease (SCD) is caused by a single point mutation in the β-globin gene generating sickle 

hemoglobin (HbS). Hypoxia drives HbS polymerization that is responsible for red blood cell (RBC) 

sickling and reduced deformability. In SCD, splenic dysfunction results in life-threatening 

complications, particularly in early childhood. During the course of the disease, the spleen functionally 

declines and anatomically disappears, although with great individual variability depending on 

modulating genetic and environmental factors. The key modulator of disease severity is fetal 

hemoglobin (HbF), as the presence of HbF inhibits HbS polymerization, thus delaying and preventing 

severe complications, ameliorating patients’ quality of life and increasing survival. There is a rather well 

characterized hetero cellular concentration of HbF and distribution in circulating RBCs but the role of 

HbF during erythropoiesis, is poorly documented.  

With the aim of better understanding the role of HbF in spleen function, red cell survival and ineffective 

erythropoiesis we investigated 1) the natural history of spleen dysfunction in SCD children, 2) the 

cellular expression and distribution of HbF in SCD children, in untreated patients and patients treated 

with Hydroxycarbamide and 3) ineffective erythropoiesis and the role of HbF during terminal 

erythropoiesis. 

We developed a flow cytometry high-throughput method to measure splenic filtration function and 

showed that splenic loss of function is present very early in life at 3-6 months in SCD children and 

further declines with age. We also highlighted that irreversibly sickled cells (ISCs) are a potential 

contributor to acute splenic sequestration (ASS) which in turn results in further loss of splenic function. 

In the second part of this work, we set up an original approach to determine HbF distribution per cell. 

Using a longitudinal cohort of patients treated with hydroxycarbamide (HC - an inducer of HbF), we 

showed that HC has a global positive impact on RBCs, by not only increasing HbF content but also by 

increasing the volume of all RBCs independent of HbF. We moreover showed that High F-cells are a 

more precise marker of HC efficacy. In the last part of the thesis, we showed for the first time clear 

evidence of ineffective erythropoiesis in SCD and revealed a new role of HbF during terminal 

erythropoiesis protecting erythroblasts from apoptosis.  

In conclusion, this work shows that HbF has an additional beneficial effect in SCD by not only 

conferring a preferential survival of F-cells in the circulation but also by decreasing ineffective 

erythropoiesis. Importantly, it suggests that the delay in hemoglobin switch in SCD might be also due 

to an enrichment in F-erythroblasts during terminal erythroid differentiation occurring very early in 

infancy, shortly after birth.  

Keywords: Sickle Cell Disease, Red Blood Cells, Fetal Hemoglobin, Irreversibly Sickled Cells, 

Spleen, Acute Splenic Sequestration, Hydroxycarbmide, Ineffective Erythropoiesis, Apoptosis 
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La drépanocytose est une maladie génétique héréditaire récessive causée par la substitution d'un acide 

aminé dans la chaîne β-globine aboutissant à la production d'hémoglobine anormale (HbS). Dans des 

conditions hypoxiques, l’HbS polymérise entraînant une falciformation et une perte de déformabilité 

des globules rouges (GR). Au cours de la drépanocytose, le dysfonctionnement splénique entraîne des 

complications potentiellement mortelles, en particulier chez les jeunes enfants. Généralement, une 

asplénie fonctionnelle précède la survenue d’une asplénie anatomique avec cependant une grande 

variabilité inter-individuelle du fait de facteurs modulateurs génétiques et environnementaux. 

L’hémoglobine fœtale (HbF) est le principal modulateur de la gravité de la maladie, car la présence 

d’HbF inhibe la polymérisation d’HbS, retardant et prévenant ainsi les complications graves, améliorant 

la qualité de vie des patients et augmentant leur survie. Il existe une hétérogénéité assez bien caractérisée 

de la concentration et de la distribution cellulaire d'HbF dans les GR circulants, mais le rôle de l'HbF au 

cours de l'érythropoïèse est mal documenté. 

Dans le but de mieux comprendre le rôle de l’HbF dans la perte de fonctionnalité splénique, la survie 

des GR et l'érythropoïèse inefficace, nous avons étudié 1) l'histoire naturelle du dysfonctionnement 

splénique chez les enfants drépanocytaires, 2) l'expression cellulaire et la distribution de l'HbF 

comparativement chez les enfants, chez les patients naïfs et ceux traités par hydroxycarbamide (HC) et 

3) le rôle de l'HbF au cours de l'érythropoïèse terminale. 

Nous avons d’abord développé une méthode de cytométrie en flux à haut débit pour mesurer la fonction 

de filtration splénique et avons montré que la perte de fonction splénique est présente très tôt dans la 

vie, dès 3 à 6 mois chez les enfants drépanocytaires, puis diminue avec l'âge. Nous avons également mis 

en évidence que les cellules irréversiblement falciformées (ISC) jouaient un rôle dans la survenue de la 

séquestration splénique aiguë, laquelle entraîne à son tour une perte supplémentaire de fonction.  

Dans la deuxième partie de ce travail, nous avons mis en place une approche originale pour déterminer 

la distribution d'HbF à l’échelle cellulaire. En utilisant une cohorte longitudinale de patients traités par 

HC (inducteur d'HbF), nous avons montré que celui-ci avait un impact positif global sur les GR, en 

augmentant non seulement le contenu en HbF, mais également le volume de tous les GR, 

indépendamment de leur contenu en HbF. Nous avons par ailleurs montré que les cellules riches en HbF 

(High-F) étaient un marqueur précis d’efficacité de l'HC.  

Dans la dernière partie de la thèse, nous avons démontré pour la première fois une érythropoïèse 

inefficace chez les patients drépanocytaires et avons révélé un nouveau rôle de l'HbF au cours de 

l'érythropoïèse terminale, celui de protéger les érythroblastes de l'apoptose. 

En conclusion, ce travail montre que l'HbF a un effet bénéfique supplémentaire sur la drépanocytose en 

conférant non seulement une survie préférentielle des cellules F dans la circulation, mais en diminuant 

également l'érythropoïèse inefficace. Ce résultat suggère que la persistance d’HbF dans la drépanocytose 

serait davantage la conséquence d’un enrichissement en F-érythroblastes au cours de la différenciation 

érythroïde terminale survenant peu après la naissance plutôt qu’un retard du switch des hémoglobines.  

Mots-clés : Drépanocytose, Globules Rouges, Hémoglobine Fœtale, Cellules Irréversiblement 

Falciformés, Rate, Séquestration Splénique Aiguë, Hydroxycarbamide, Érythropoïèse Inefficace, 

Apoptose. 
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1. Sickle cell disease  

1.1 Epidemiology  

Sickle cell disease (SCD) is a genetic recessive inherited disease and one of the most common 

severe monogenic disorders worldwide (Weatherall, Hofman, Rodgers, Ruffin, & Hrynkow, 

2005). Clinical expression occurs in childhood, few months after birth. The disease is due to a 

single mutation in the β-globin chain (βS) resulting in hemoglobin (Hb) polymerization and red 

blood cell (RBC) sickling. The sickle shaped erythrocyte was first described by James Herrick 

in 1910, after the examination of a patients’ blood sample and commented as follows: “The 

shape of the reds was very irregular, but what especially attracted attention was the large 

number of thin, elongated, sickle shaped and crescent-shaped forms” (Figure 1) (Herrick, 2001). 

Later on, in 1949 Linus Pauling and his group examined the physical and chemical properties 

of hemoglobin from SCD patients and compared it to hemoglobin in healthy individuals. They 

were able to discover that HbS had an abnormal electrophoretic mobility, thus they classified 

SCD as a “molecular disease” (Pauling & Itano, 1949). 

Figure 1: Photomicrographs showing the elongated form of erythrocytes (Herrick, 2001). 

SCD has been recognized as a global public health problem by the World Health Organization 

(WHO) in 2006, the United Nations (UN) and the American Society of Hematology (ASH) in 

2016. To date, around 300,000 newborns are affected yearly by the disease, and this number is 

expected to rise to 400,000 by 2050 (Piel, Hay, Gupta, Weatherall, & Williams, 2013). The vast 
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majority of affected births occur in African countries, with Nigeria, the Democratic Republic 

of Congo and India being the most impacted countries due to the selection for carriers through 

their survival advantage in malaria endemic regions (Piel, Steinberg, & Rees, 2017) (Figure 

2A). Due to slave trading and voluntary migration, the distribution of SCD has spread far 

beyond its origins and is present worldwide, reaching in some countries, like the United States 

of America and Brazil, percentages as high as African areas of high prevalence (Figure 2A) 

(Piel, Rees, & Williams, 2014; Piel et al., 2017). An epidemiological study carried by Piel et 

al. estimate that the overall number of births affected by sickle cell anemia (SCA) between 2010 

and 2050 to be 14,242,000, with approximately 88% in sub-Saharan Africa (Figure 2B) (Piel et 

al., 2013).  

Due to lack of early diagnosis and effective treatment, it has been reported that 50-90% of the 

newborns die in the first few years of life (Grosse et al., 2011). However, in lower-income 

countries, life expectancy has improved significantly with increased number of affected babies 

and children surviving till adulthood, requiring diagnosis and treatment (Piel et al., 2017). 

Nevertheless, life expectancy for patients with SCD is reduced by about 30 years, even with the 

best medical care.  
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Figure 2: Global burden of SCD. (A) A map showing the number of newborns with SCD in 2015 (Piel 

et al., 2017). (B) Cartogram of the estimated number of newborns with SCD between the year 2010 and 

2050 (Piel et al., 2013). 

 

1.2 Pathophysiology 

Adult functional hemoglobin is a tetramer formed of 2 α-globin and 2 β-globin polypeptide 

chains with an iron containing porphyrin ring known as heme, which is required for effective 

oxygen transport (Sankaran & Orkin, 2013). In SCD, the 17th nucleotide (thymine) is mutated 

to adenine (c.20A>T), resulting in a glutamic acid to valine substitution at the sixth amino acid 

of β globin (βS) (Ingram, 1956). SCD is the consequence of this mutation on both alleles or the 

association of the βS-mutation with another mutation of the β-globin gene, including β-

thalassemia mutations that hinder the production of β-globin. The βS-mutation produces a 

hydrophobic motif in the sickled hemoglobin (HbS) tetramer that results in binding between β1 
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and β2 chains of two deoxygenated hemoglobin molecules (see next paragraph). This 

crystallization produces a polymer nucleus that grows rapidly and forms long fibers in the 

erythrocyte, increasing cell rigidity, disrupting its architecture and elasticity, and increasing 

dehydration, ultimately leading to erythrocyte sickling (Brugnara, Bunn, & Tosteson, 1986; 

Rees, Williams, & Gladwin, 2010). These abnormalities impact the life span and rheological 

properties of RBCs resulting in hemolysis (and anemia) and a likelihood of small blood vessels 

occlusion (Figure 3) (Steinberg, 2008). 

Other forms of SCD include coinheritance of βS-mutation with other qualitative β-globin gene 

variants, including C (Glu6Lys, SCD-SC), D-Punjab (Glu121Gln), E (Glu26Lys) and O-Arab 

(Glu121Lys) or quantitative β-globin gene variants (S/β°-thalassemia and S/β+ thalassemia). 

Sickle Cell Anemia (SCA) refers to the SS and S/β°-thalassemia genotypes, which are 

associated with the most severe phenotypes (Mburu & Odame, 2019). 

Figure 3: Pathophysiology of Sickle Cell Disease. (A) Point mutation in SCD. (B) Polymerization of 

hemoglobin S (HbS) under deoxygenation. (C) Red blood cell (RBC) change in response to HbS 

polymerization. (D) Cells in microvasculature: Vaso-occlusion initiated by a reticulocyte adhering to 

endothelium, trapping irreversibly sickled cells (ISCs) and forming aggregates with white blood cells; 

Erythrocyte hemolysis (Steinberg, 2008). 
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1.2.1 HbS polymerization 

The rate and extent of HbS polymerization is dependent on the extent and duration of 

hemoglobin deoxygenation, the intracellular HbS concentration, and the presence of fetal 

hemoglobin (HbF) in the RBC, which can effectively reduce the concentration of HbS (Rees et 

al., 2010). During deoxygenation which follows the passage of the RBC in the microcirculation, 

the hemoglobin undergoes conformational changes. The sickled hemoglobin under 

deoxygenation (deoxyHbS) has a quaternary structure that differs from the oxygenated HbS 

(oxyHbS). The deoxyHbS molecules then collide, interact and nucleate rapidly forming the stiff 

polymer fiber (Figure 4). Cycles of polymerization and depolymerization cause irreversible 

damage to the sickle erythrocyte membrane cytoskeleton, accounting for the presence of 

irreversibly sickled cells (ISCs) in the peripheral blood of the patients (Lux, John, & Karnovsky, 

1976; Odievre, Verger, Silva-Pinto, & Elion, 2011; Steinberg, 2008). 

Figure 4: Polymerization of deoxy-HbS. At low oxygen pressure, deoxy-HbS polymerizes and forms 

stiff polymer fibers that deform the RBC, leading to irreversibly sickled cell (ISCs). Figure adapted from 

Odièvre et al. 2011. 

 

1.2.2 Disease onset and hemoglobin switching 

In SCD children, the first months of life are a time with a low incidence of complications, a 

state attributable to the sustained level of protective fetal hemoglobin (HbF). HbF has a pivotal 
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anti-polymerization effect on the mutant hemoglobin (HbS). As the physiological switch from 

HbF to HbS progresses, increased polymerization of HbS occurs resulting in multiple and inter 

related downstream effects, mainly vaso-occlusion, hemolysis, inflammation, increased cell 

adhesion, endothelial dysfunction and decreased NO bioavailability (Couque et al., 2016). 

The switching from embryonic, to fetal then to adult globin genes occurs during development 

through a series of two hemoglobin switches (Sankaran & Orkin, 2013). Humans have five 

functional β-like globin genes which are: embryonic (HBE1), fetal (HBG1, HBG2) and adult 

(HBD and HBB). There are three major functional α-like globin genes: embryonic (HBZ) and 

adult (HBA1 and HBA2). These genes allow the production of different hemoglobins during 

development: embryonic Hb (α22), fetal (α22), and adult (α2β2). In SCD, the adult 

hemoglobin is formed of α2βS2 (Figure 5). In primitive erythroid cells we observe a switch 

from the embryonic to the fetal globins, the latter overlapping with the onset of definitive 

erythropoiesis (Nandakumar, Ulirsch, & Sankaran, 2016). After birth, fetal globin expression 

is gradually replaced by the adult globin expression (Figure 6). 

Figure 5: Fetal and sickled hemoglobin. The predominant hemoglobin before birth is fetal hemoglobin 

(HbF; α₂γ₂). After birth, HbA gradually predominates. Sickle cell disease, due to its βS mutation of β-

globin, only manifests after birth. (B) Sickle hemoglobin (HbS) tetramers have a tendency to polymerize 

under deoxygenated conditions. The anti-sickling effect of HbF exceeds that of HbA (Lettre & Bauer, 

2016). 
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Figure 6: The fetal-to-adult hemoglobin switch. The switch as observed in healthy individuals, in the 

top panel the sites of production are shown. Lower panel: the levels of the various β-like globin 

molecules are shown (embryonic in blue, fetal in green and adult in red) (Sankaran & Orkin, 2013). 

 

The understanding of the fetal to adult hemoglobin switching has been of great interest in sickle 

cell disease due to the therapeutic relevance of fetal hemoglobin in SCD. For instance, 

individuals with hereditary persistence of fetal hemoglobin (HPFH) have reduced disease 

severity when associated with SCD (Galanello et al., 2009). 

At the molecular level, the multi-zinc finger containing transcriptional regulator, BCL11A, has 

been identified as the main regulator of the fetal to adult hemoglobin switch and HbF silencing 

(Sankaran et al., 2008). BCL11A is known to bind to the β-globin enhancer and to the intergenic 

region between the HBG1 and HBD gene, the latter being often deleted in HPFH individuals. 

Another important regulator of HbF is MYB, whose reduction was shown to induce HbF 

production although the mechanism behind this remains to be discovered (Sankaran & Nathan, 

2010; Sankaran et al., 2013). Another important regulator of HbF is KLF1, whose mutation has 

been associated with increased HbF (Sankaran & Orkin, 2013) (Figure 7). 
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Figure 7: Key regulators of fetal to adult globin switch. The expression of BCL11A is positively 

regulated by KLF1, which in turn is upregulated by MYB. Additionally, KLF1 favors fetal-to-adult Hb 

switching by directly activating β-globin gene expression (Cavazzana, Antoniani, & Miccio, 2017) . 

 

Fetal hemoglobin expression varies between patients and more specifically it can vary at the 

erythrocyte level. The presence of HbF inhibits HbS polymerization and the concentration of 

HbF within each cell and the distribution among all cells influence the heterogeneity of 

erythrocytes in the circulation (Steinberg, 2008). Thus studying HbF cellular distribution is 

critical to the understanding of disease severity. 

1.2.3 Main dysfunctions in the red blood cell 

The HbS polymers, and even the high concentration of unpolymerized HbS damage the 

erythrocyte and its membrane (de Jong, Larkin, Styles, Bookchin, & Kuypers, 2001). The 

formation of these polymer fibers triggers a cascade of various abnormalities within the cell 

that participate to the overall pathophysiological mechanism. One important consequence is 

cellular dehydration due to the activation of ion channels, such as the KCl co-transport system 

and the Ca2+-dependent K channel (Gardos channel) resulting in loss of potassium. Dehydration 

increases the intracellular Hb concentration which in turn favors HbS polymerization (Odievre 

et al., 2011; Steinberg, 2008; Stuart & Nagel, 2004). In addition, Hb hemichromes concentrates 

lead to the liberation of Fe3+ and the development of an oxidized environment in the cells. 
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Another consequence is the loss of the normal asymmetry of the phospholipid membrane and 

the exposure of the anionic phosphatidylserine (PS) on the cell surface (Stuart & Nagel, 2004). 

Lastly, these membrane changes lead to the production of microparticles in the circulation 

(Romana, Connes, & Key, 2018) (Figure 8). 

Figure 8: Alterations in the sickle red blood cell. Formation of the deoxy-HbS polymer fibers triggers 

a series of changes of the red blood cell membrane. Ion channels are affected and their dysfunction is 

responsible for a cellular dehydration which, in a vicious circle, favors deoxy-HbS polymerization. The 

liberation of heme and Fe3+ favors an oxidizing microenvironment. Exposure of anionic 

phosphatidylserines at the external side of the membrane creates a procoagulant surface. Finally, 

microparticles are released (Labie & Elion, 1999; Odievre et al., 2011). 

 

1.2.4 Main clinical features 

The primary trigger in SCD is HbS polymerization resulting in RBC sickling. The main clinical 

features of SCD are painful vaso-occlusive crisis and hemolytic anemia leading to multiple 

acute and chronic organ damage, with the spleen being the first organ to be affected (see section 

3).  



  Introduction 

19 
 

A. The vaso-occlusive crisis 

Vaso-occlusive crisis (VOC) is one of the main acute complications of SCD. VOC is thought 

to be caused by the entrapment of erythrocytes and leukocytes in the microcirculation causing 

vascular obstruction and tissue ischemia. As a consequence, the patients experience episodes 

of pain, acute chest syndrome (ACS), osteonecrosis, organ injury, and early mortality (Manwani 

& Frenette, 2013). 

Vaso-occlusive obstruction might first occur in small capillaries by the entrapment of sickled 

RBCs and their adhesion to the vascular endothelium, together with the adhesion of platelets 

and leukocytes (Figure 9) (Kaul, Fabry, & Nagel, 1996). Although VOC requires HbS 

polymerization and erythrocyte sickling, inflammation plays a crucial role. Studies on 

transgenic SCD mice showed that treatment of these mice with inflammatory drugs increases 

endothelial-leukocyte-erythrocyte cellular interactions resulting in microvascular occlusion and 

ischemia, which further promotes tissue injury mediated by reperfusion (Frenette, 2002; 

Turhan, Weiss, Mohandas, Coller, & Frenette, 2002). Both reperfusion and ischemia cause 

oxidant stress that in turn activates inflammatory pathways, increasing the expression of 

endothelial adhesive molecules which increases inflammatory cytokines and leukocytosis (Rees 

et al., 2010; Turhan et al., 2002). 
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Figure 9: Mechanism of sickle vaso-occlusion. RBC damage and sickling occur as a result of 

polymerization of deoxy-HbS and also high concentrations of unpolymerized HbS, modulated by 

cellular contents of HbF, RBC cation and water content, pH, temperature, and mechanical stresses that 

result in membrane damage. Hemolytic anemia and vaso-occlusion cause tissue hypoxia; when this 

occlusion is resolved and perfusion is reestablished in the hypoxic tissue free radicals are produced. 

These free radicals damage the endothelial cells making them pro-adhesive for RBCs and leukocytes. 

The vascular wall ultimately becomes more vulnerable to occlusion (Habara & Steinberg, 2016). 

 

Recent studies showed the critical role of neutrophil adhesion in vaso-occlusion, particularly in 

the first step. After this initial adhesion, neutrophils interact with circulating sickle RBCs 

leading to transient or prolonged obstruction of venular blood flow (Figure 10). Delayed cellular 

passage favors polymerization, sickling, and vaso-occlusion during microvasculature transit. 

Additional circulating cells (platelets, and “stress” reticulocytes i.e immature erythrocytes that 

are found in individuals with hemolytic disease) display adhesive ligands that facilitate 

erythrocyte-endothelial interactions. 

 



  Introduction 

21 
 

Figure 10: Multicellular and multistep model of vaso-occlusion in SCD. Sickle cell vaso-occlusion 

arises from a cascade of interactions among RBCs, neutrophils, and endothelial cells. Activation of 

endothelial cells, white blood cell (WBC) adhesion to the endothelium, SS RBC interaction with 

adhering WBCs, and progressive blockade (Zhang, Xu, Manwani, & Frenette, 2016). 

 

B. Hemolytic anemia 

Hemolysis leads to the release of hemoglobin into the circulation during intravascular 

hemolysis or within organs when it is extravascular. Hemolysis causes anemia in SCD patients 

together with other complications which include progressive vasculopathy, leg ulceration, 

priapism, stroke, glomerulopathy and pulmonary hypertension (Rees et al., 2010). It has been 

estimated that at steady state, hemolysis occurs mainly extravascularly (two-thirds) leading to 

erythrophagocytosis of dense, dehydrated and damaged SS RBCs by reticuloendothelial cells. 

However, red cell destruction can take place intravascularly (one-third), potentially releasing 

several grams of hemoglobin into the plasma daily, accounting for very little to up to 30% of 

total hemolysis (Steinberg, 2008; Wood, K. C., Hsu, & Gladwin, 2008). 

Free plasma hemoglobin generates reactive oxygen species such as the hydroxyl (•OH) and 

superoxide (O2
-) radical and potent scavengers of nitric oxide (NO). NO is normally produced 

by the endothelium and regulates basal vasodilator tone, and inhibits platelet and hemostatic 
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activation and transcriptional expression of nuclear factor κB (NFκB)-dependent adhesion 

molecules. The release of hemoglobin into the plasma during hemolysis potently inhibits 

endothelial NO signaling, leading to endothelial cell dysfunction and NO resistance (Odievre 

et al., 2011). 

Hemolysis also releases erythrocyte arginase-1 into plasma. Arginase metabolizes plasma 

arginine into ornithine, decreasing the substrate for NO synthesis and the bioavailability of NO. 

Thus the mechanism of NO depletion is double: destruction of NO by free Hb and reduced NO 

production by depletion of its precursor (Figure 11) (Odievre et al., 2011; Rees et al., 2010). 

Figure 11: Hemolysis-related endothelial dysfunctions. With intravascular hemolysis, RBCs release 

hemoglobin and arginase. Arginine is the precursor for NO production by the endothelium via NOS3. 

Arginase degrades L-arginine, the NOS3 substrate, causing reduced NO production. Free plasma Hb 

interacts with NO producing methemoglobin and nitrate depleting NO. These mechanisms occur during 

steady state and the amount of intravascular hemolysis varies among patients (Habara & Steinberg, 

2016). 

 

1.3 Environmental and genetic modifiers of disease severity 

The clinical expression of SCD is highly variable. Environmental factors can play a role in 

phenotypic variability of the disease. Previous studies have shown the effect of rainy season in 

tropical countries on episodes of acute pain and others have shown the effect of windy weather 

on increased occurrence of pain. However, more studies are required in this aspect (Jones et al., 

2005; Redwood, Williams, Desal, & Serjeant, 1976; Rees et al., 2010). At the cellular level, 



  Introduction 

23 
 

heterogeneity arises from differences in RBC intrinsic characteristics like heterocellular HbF 

distribution, HbS concentration (Serjeant, Serjeant, & Mason, 1977), hydration and density 

(Fabry et al., 1984; Noguchi, Torchia, & Schechter, 1983), and the cells environmental 

transitions from vessels to capillaries, laminar to turbulent flow, and normoxia to hypoxia 

(Kato, Gladwin, & Steinberg, 2007). Genetic modifiers play also a crucial role, the two best 

established genetic modifiers of SCD severity are fetal hemoglobin and α-thalassemia co-

inheritance (Rees et al., 2010). 

1.3.1 Fetal Hemoglobin  

Fetal hemoglobin persistence in SCD patients has been very well established as a key point in 

amelioration of disease severity and prediction of increased life expectancy (John et al., 1984; 

Platt et al., 1994). HbF concentration in SCD patients can vary between 1% to 30% and it is 

inherited as a quantitative genetic trait. There are 3 major loci that have been identified that 

account for 50% variation in HbF expression; the Xmn1 polymorphism in the promoter gene 

of the Gɣ globin genes, the HMIP locus on chromosome 6q23.3 and BCL11A on chromosome 

2 (Lettre et al., 2008; Menzel et al., 2007; Thein et al., 2007). Defining these loci has proven to 

be very important in gene therapy approaches for SCD patients. 

In healthy adults, HbF accounts for less than 1% of total hemoglobin and is restricted to a small 

subset of RBCs (2%) called F-cells (Boyer, Belding, Margolet, & Noyes, 1975; Boyer et al., 

1977; Wood, W. G., Stamatoyannopoulos, Lim, & Nute, 1975). In SCD the expression of HbF 

is higher than in healthy individuals and varies considerably among patients. Although the 

reasons of this increased expression are not completely elucidated, stress erythropoiesis and 

preferential survival of F-cells are known contributing factors (Stamatoyannopoulos, Veith, 

Galanello, & Papayannopoulou, 1985). As a matter of fact, it has been shown that F-cells 

survive longer in the circulation than non-F-cells (Dover, Boyer, Charache, & Heintzelman, 

1978). This preferential survival of F-cells is also supported by studies showing that the 
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percentage of mature F-cells is higher than that of reticulocytes expressing HbF within the same 

SCD patient (Franco et al., 2006; Maier-Redelsperger, Elion, & Girot, 1998). But, HbF is 

unevenly distributed among F-cells and its cellular concentration needs to reach a minimal 

threshold to exert its protective polymer-inhibiting effect (Noguchi, Rodgers, Serjeant, & 

Schechter, 1988). The relationship between the expression level of HbF in F-cells and the 

impact on RBC morphology and survival is poorly understood. 

1.3.2 α-thalassemia  

The coinheritance of α-thalassemia with SCD improves hemoglobin levels, and results in a 

lower mean corpuscular volume (MCV), a lower mean cell hemoglobin concentration (MCHC), 

a reduction of the number of irreversibly sickled cells and a decrease in hemolysis (Piel et al., 

2017). By decreasing the hemoglobin concentration in the red cells, α-thalassemia decreases 

the tendency of HbS polymerization and hence hemolysis rates. From a clinical perspective, α-

thalassemia reduces the risk of stroke, pain frequency, leg ulcers, priapism and gall stones in 

SCD patients (Rees et al., 2010). α-thalassemia trait is present in up to 30% of SCD patients of 

African origin and more than 50% of patients from India and Saudi Arabia (Higgs et al., 1982; 

Kar et al., 1986; Padmos et al., 1991). 

1.4 Treatments 

 

Although SCD was discovered decades ago, treatments remain limited. Health and survival of 

children with SCD have improved considerably with the implementation of newborn screening, 

penicillin prophylaxis, pneumococcal immunization and education about disease 

complications. Erythrocyte transfusions, hydroxycarbamide treatment (also called 

hydroxyurea-HU) and hematopoietic stem-cell transplantation, and very recently gene therapy, 

are the options that can significantly improve survival and quality of life in SCD. 
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1.4.1 Hydroxycarbamide  

Hydroxycarbamide (HC) is the first and major US Food and Drug Administration (FDA) 

approved drug for SCD patients, along with the more recent approval of L-Glutamine. In the 

European Union, HC was approved by the European Medicines Agence (EMeA) to be given to 

both adults and children with SCD in 2007 (Ware & Aygun, 2009). HC is a ribonucleotide 

reductase inhibitor initially used as a myelosuppressive agent that provides therapeutic benefit 

in SCD patients through multiple mechanisms of action. HC principally increases HbF levels 

leading to a decrease in HbS intracellular concentration and inhibition of HbS polymerization 

(Chen, M. C. et al., 2015). The mechanism of action of HC for HbF induction remains however 

only partially understood. Hydroxycarbamide’s primary effect by increasing HbF levels in 

treated patients is to decrease intracellular sickling, which in turn decreases vaso-occlusion and 

hemolysis (Ware & Aygun, 2009). Long term studies on HC have proven the benefit of HC on 

both children and adults by reducing both complications of the disease and mortality (Bakanay 

et al., 2005; Steinberg et al., 2003; Ware & Aygun, 2009). The use of HC began 25 years ago 

(Figure 12) and studies in children were initiated in the 1990s (Kinney et al., 1999; Wang et al., 

2001). 

Figure 12: Timeline of Hydroxycarbmide in clinical studies for the treatment of sickle cell disease 

(courtesy of Dr. Russell Ware).  
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Growing evidence supports the fact that HC is a multi-target drug in SCD. Beyond HbF 

induction, the cytotoxic effects of HC also reduce the bone marrow production of neutrophils, 

reticulocytes, and platelets thus reducing important players of vaso-occlusion. At the cellular 

level, HC was shown to inhibit RBC adhesion to endothelial components by decreasing cAMP 

intracellular levels in RBCs (Bartolucci et al, Blood 2010) and endothelial cells (Chaar et al, J 

Biol Chem 2014) decreasing phosphorylation of adhesion molecules at the cell surface. In 

addition, the group of P. Frenette has shown that HC inhibits neutrophil adhesion to the vascular 

wall in a sickle mouse model of acute VOC by inhibiting their phosphodiesterase 9 (PDE9), 

increasing the levels of cGMP (Almeida et al., 2012). However, more studies are required to 

further explore the mechanisms of action of HC. 

1.4.2 Blood Transfusion 

Erythrocyte transfusion has a crucial role in the management of both acute and chronic 

complications of patients with SCD. Transfusion corrects anemia, decreases the relative 

percentage of sickle RBCs in the circulation and reduces hemolysis. All these effects are 

beneficial and have proven effective for the primary prevention of strokes and silent infarcts in 

children at risk. Erythrocytes can be given as a simple additive transfusion or by exchange. 

Exchange transfusion is more likely to be necessary if the initial Hb concentration is high, or if 

there is a need for a rapid decrease in HbS percentage without increasing the hematocrit and 

blood viscosity, typically in people with acute neurological symptoms. Chronic blood 

transfusion results however in iron overload, consequently iron chelation is mandatory in 

chronically transfused patients to avoid iron overload organ damage (Rees et al., 2010). 

Alloimmunization is another transfusion-related complication that occurs in 18 to 37% of 

transfused patients with SCD. The rate of sensitization decreases substantially when 

prophylactic antigen matching (PAM) is employed, even when patients are chronically 

transfused (Campbell-Lee et al., 2018; Rosse et al., 1990). 
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1.4.3 Hematopoietic stem cell transplantation  

Hematopoietic stem cell transplantation (HSCT) was first used in SCD 25 years ago and is 

currently the only curative treatment for SCD. The goal is to successfully replace the host’s 

bone marrow by a bone marrow from a healthy matched donor before development of organ 

dysfunction (Stuart & Nagel, 2004). However, its access is limited for several reasons, 

including donor availability and sociocultural and economic barriers, and it is only generally 

considered when serious complications have occurred, most often in children with 

cerebrovascular disease who are effectively dependent on transfusions. A recent study analyzed 

over 1000 HSCT performed with HLA matched related donors worldwide and demonstrated an 

overall survival of 92–94%, event-free survival of 82–86%, and a transplant related mortality 

of 7% (Gluckman et al., 2017). 

The majority of HSCT has been performed in children from HLA-identical sibling donors 

resulting in high rates of survival (Khemani, Katoch, & Krishnamurti, 2019). Indeed, Gluckman 

et al. reported that the main predictors of event-free survival in HLA-identical HSCT were 

patients age and performance of HSCT after 2006 (Gluckman et al., 2017). The age of <15 

years was reported as a significant determinant in the overall survival of patients (Bernaudin et 

al., 2007). An ongoing trial (NCT02766465, BMT CTN 1503), with estimated completion time 

in 2023, should provide results for the comparison of HSCT, Hydroxycarbamide and chronic 

blood transfusion in adolescents and young adults, thus giving a better perspective to the use of 

these different treatments (Khemani et al., 2019). 

1.4.4 Gene therapy 

Gene therapy has been considered a promising cure for SCD since the mid-1990s. Lentiviral 

vectors have been developed to insert γ-globin or modified β-globin genes engineered to reduce 

sickling into hematopoietic stem cells (Hoban, Orkin, & Bauer, 2016); these vectors are now in 

clinical trials and have yielded a promising initial result in 2017 in SCD. Ribeil and 
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collaborators published results of the first treated SCA patient, with lentiviral vector-mediated 

addition of an anti-sickling β-globin gene into autologous hematopoietic stem cells. Fifteen 

months after treatment, the level of therapeutic anti-sickling β-globin was high enough 

(approximately 50% of total β-like-globin chains) to correct the biologic hallmarks of the 

disease, with no recurrence of VOCs (Ribeil et al., 2017). Similar successful results with the 

same lentiviral vector have been reported recently in β-thalassemia (Thompson et al., 2018). 

Newer gene editing approaches based on zinc-finger nucleases and transcription activator-like 

effector nucleases have been designed and tested for proof of principle in SCD. The 

development of CRISPR-Cas9 techniques, which enable the precise replacement of a specific 

region of DNA, is another promising gene therapy approach for SCD, currently tested only in 

mice and cultured human cells until the multiyear regulatory process is cleared for human trials 

(Kato et al., 2018).  

For gene therapy or HSCT to be successful, an intact bone marrow and microenvironment in 

patients is required. However, the bone marrow content, precursor cells and the relationship 

with the stroma have very specific characteristics in patients with hemoglobinopathies, in 

particular in β-thalassemia. In β-thalassemia, anemia is both due to peripheral hemolysis and 

ineffective erythropoiesis which results in the bone marrow’s impaired ability to produce 

terminally differentiated erythrocytes (Cavazzana, Ribeil, Lagresle-Peyrou, & Andre-Schmutz, 

2017). Fewer studies have explored the bone marrow niche in SCD patients. Grasso et al. in 

1975 performed an ultrastructural study of a bone marrow aspirate of an SCA patient which 

revealed the presence of hemoglobin S polymers in both reticulocytes and nucleated 

erythroblasts (Grasso, Sullivan, & Sullivan, 1975). 
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2 The human spleen  

2.1 Structure and function of the spleen  

The spleen is a combination of two main compartments, the red pulp and the white pulp, 

interconnected by the perifollicular zone that lies in between. These highly organized 

microanatomical structures serve the spleen’s two main functions that are blood filtration and 

immune defense. 

2.1.1 The red pulp 

The red pulp represents the largest compartment of the spleen in humans (75%) and is mainly 

responsible for its filtering function. It is constituted of vascular structures, in particular 

specialized type of micro vessels called venous sinuses, in addition to classical capillaries, 

within a meshwork of cords. The cords are made of specialized fibroblasts and numerous 

macrophages lying upon a tridimensional network of reticular fibers, collagen type IV and 

laminin composing the extracellular matrix (Steiniger, B. S., 2015) (Figure 13). 
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Figure 13: Schematic diagram of the microcirculation in the human spleen. A scheme showing the 

close cellular interaction in the filtering beds of the red pulp and the interendothelial slits that red blood 

cells need to squeeze through in order to join the venous circulation (El Hoss & Brousse, 2019). 

 

The filtration in the red pulp is allowed by a unique microcirculation, which is termed open 

because when the arterial blood cells arrive into the cords of the red pulp, they exit their vascular 

endothelial-lined bed, thereafter flowing freely (Groom, Schmidt, & MacDonald, 1991; 

Steiniger, B., Bette, & Schwarzbach, 2011). Due to a high hematocrit (approximately 60%), 

blood cells not only percolate freely but also slowly, favoring a close and prolonged cell-cell 

contact (Figure 14). During these interactions, RBCs that are coated with antibodies or 

senescent or abnormally structured are cleared by the macrophages of the red pulp, thus giving 

the red pulp its erythrophagocytic characteristic (Mebius & Kraal, 2005). The collecting splenic 

sinuses, which will ultimately drain into portal veins, form a permeable vascular network with 

functional openings between the lining endothelial cells. These possibly dynamic slits, which 

are very narrow (1-3 µm wide), allow the passage of RBCs back to the venous circulation if 

they are deformable enough to squeeze through (Bowdler, 2002). During this vital checkpoint, 

an additional clearing process called pitting, allows the removal of unwanted material within 
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the RBCs (nuclear remnants or parasites for instance) while allowing the RBC to traverse. 

RBCs that are not deformable enough may be retained upstream of the sinus wall (Buffet et al., 

2006; Safeukui et al., 2008) and thereafter phagocytized by specialized macrophages (Ganz, 

2012). Consequently, if this checkpoint is altered, the removal of abnormal RBC, for example 

RBCs containing inclusion bodies, fails to happen and these are detected in the circulation. In 

splenectomized individuals or patients with a dysfunctional spleen like SCD patients, RBCs 

containing intracellular DNA remnants i.e. Howell-Jolly Bodies (HJB), are found in the 

peripheral blood (Sears & Udden, 2012). 

Figure 14: Scanning electron microscopy micrograph of a spleen sample. A scanning electron 

microscopy from a spleen of 5-year-old boy with sickle cell anemia showing the tridimensional reticular 

matrix of the red pulp (arrow). Bar = 10μm. B. Scanning electron microscopy micrograph of a spleen 

sample from a healthy adult showing red blood cells present in the filtering beds of the red pulp (arrow). 

Bar = 10μm (El Hoss & Brousse, 2019). 

 

2.1.2 The white pulp 

The white pulp of the human spleen consists of B lymphocytes found in the follicles and T 

lymphocytes mainly organized in sheaths surrounding arteries. B follicles are composed of a 

germinal center (GC) surrounded by a mantle zone. The GC consists of mainly B-cells and of 

T-cells in the periphery, very much like a lymph node structure (Steiniger, B. S., 2015). This 

compartment of the spleen is responsible for the recirculation and clearing of lymphocytes, and 

importantly, initiating an immune response for blood borne antigens. In particular, the follicular 
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B-cells initiate a T-cell dependent immune response, while IgM memory B-cells lining the 

mantle zone in the spleen initiate a T-cell independent response, critical for the phagocytosis of 

encapsulated bacteria, notably Streptococcus pneumoniae, Neisseria meningitidis and 

Haemophilus influenza (Booth, Inusa, & Obaro, 2010; Weller et al., 2004). Splenic dysfunction 

therefore leads to an increased susceptibility to encapsulated bacterial infections, notably 

pneumococcal infection. Indeed, T-independent clearance of polysaccharidic germs requires 

both an intact splenic filtration and an efficient opsonization by IgM antibodies. 

2.1.3 The perifollicular zone 

The perifollicular zone connects the white pulp and the red pulp. It is a zone of intense 

circulation and termination of many arterioles that open up in this area. Whether there exists 

within this zone an additional closed microcirculatory pathway that would allow pathogen or 

cellular escape from the filtering beds is still matter of debate (Steiniger, B. et al., 2011). 

Importantly, this zone is absent at birth in humans and becomes organized around 2 years of 

life, which explains the susceptibility to pneumococci in all very young children, let alone SCD 

(Steiniger, B., Barth, & Hellinger, 2001). 

2.2 Measurements of spleen function 

Assessment of spleen function has remained challenging up to date due to a relative lack of 

non-invasive, accurate and readily available tools to measure its specific filtering or immune 

function. Liver-spleen scintigraphic scanning has been and is possibly still the gold standard 

for assessing splenic function. This technique provides a qualitative and/or semi quantitative 

measurement of splenic function by evaluating the splenic uptake of either heat-denatured 

RBCs or nano colloids, labeled with technetium-99m (Ehrlich, Papanicolaou, Treves, Hurwitz, 

& Richards, 1982). While nanocolloids challenge the phagocytic ability of splenic 

macrophages, the heat-denatured RBCs challenge the mechanical filtration ability of the spleen 

(Adekile et al., 2002). Even though these techniques have proven reliable, they are time 
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consuming, invasive and not readily available. Counting of HJB-containing RBCs in circulation 

using May-Grunwald Giemsa staining on blood smears is one of the classical methods used to 

diagnose splenic dysfunction in clinical practice. This method is user-dependent and does not 

give exact percentages of HJB-containing RBCs because of the small number of counted cells 

(100-200 RBCs). Another similar commonly used method is to count “pitted” RBCs by 

interference contrast microscopy (Casper, Koethe, Rodey, & Thatcher, 1976). A flow 

cytometry-based method using propidium iodide (PI) was developed to count HJB-containing 

RBCs, a technique that requires cell fixation, RNA digestion steps and sample shipment to the 

laboratory (Harrod, Howard, Zimmerman, Dertinger, & Ware, 2007). Measuring spleen-related 

immune function is possible and relies on the peripheral blood analysis of splenic specific 

lymphocyte subsets, for instance IgM Memory B cells as a proportion of B cells. However, 

such analysis is time consuming, expensive and its clinical utility questionable as no 

discriminating threshold was associated with high sensitivity and specificity in a study that 

compared splenectomized patients with normal controls (Cameron et al., 2011). 

 

3 The spleen in sickle cell disease  

3.1 Early and progressive loss of spleen function 

In sickling disorders, the spleen is an organ of early and major interaction. In SCA in particular, 

depending on the technique used, splenic loss of function is evidenced very early in infants. 

Pitted counts, for instance, were found in 23% of 130 homozygous infants at age 12 months, in 

42% at age 24 months, and in 52% at age 36 months in a Jamaican cohort (Rogers, D. W., 

Serjeant, & Serjeant, 1982). Using a combination of HJB counts (quantified by flow cytometry), 

pitted cells and (99m) Tc sulfur-colloid liver-spleen scan in 193 infants 8 to 18 months of age, 

a more recent study demonstrated that loss of splenic function began before 12 months of age 
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in 86% of infants (Rogers, Z. R. et al., 2011). While this loss of function is a common feature 

in SCA, the age at which irreversible loss of the organ (autosplenectomy) occurs is variable, 

and reversal of splenic function with therapy has been described (see Appendix page 210). 

Without intervention, autosplenectomy, as evidenced by ultrasound scanning, was found in 

35.7% of a cohort of 112 children with a means age of 12.3 years (range: 0 to 21) with SCD but 

in only 5% of children less than 5 years (Gale et al., 2016). In patients with other sickling 

genotypes (SC, Sβ +thalassemia for instance), spleen loss of function occurs later in life, and 

to a lesser extent than in patients with SCA (Lane et al., 1995). 

3.1.1 Pathophysiology of SCD splenic damage 

In patients with SCD, complications derive from both hemolysis and the entrapment of blood 

cells in small capillary networks causing vaso-occlusion and subsequent downstream ischemic 

damage. In the spleen however, the precise mechanism whereby damage occurs is not 

completely understood: in the splenic red pulp, RBCs are not contained in capillaries so that 

classical vaso-occlusion does not occur. The red pulp is instead congested by RBCs, implying 

an active flow rather than an upstream blockade (Figure 15). The term vaso-occlusion is 

therefore inappropriate when considering splenic damage. Congestion is most probably caused 

by sickle RBCs main characteristics, i.e. markedly reduced deformability and increased 

adhesion properties, favored by the splenic environment: slow transit time, high hematocrit, 

high concentration of specialized clearing macrophages. It is possible that an additional 

systemic signal (infectious for instance) may trigger further congestion. Consequences include 

hemorrhage followed by inflammation and fibrosis. Hypothetically hemodynamic diversion of 

RBCs towards other circulatory pathways shunting blood away from the filtration beds may 

occur. In addition, repeated acute or chronic hemolysis may result in low-grade iron deposit, 

inflammation and fibrosis. Up to date, however, there is no clear sequence of events or repeated 

pattern that may unequivocally explain the natural history of splenic pathological changes. 
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Figure 15: Hematin eosin saffron-stained spleen sample of an SCD child. Hematin eosin saffron-

stained spleen following splenectomy for recurrent acute splenic sequestration in a 5-year-old girl with 

sickle cell anemia, showing intense red blood cell congestion or hemorrhage (black arrow). RP: Red 

pulp. F: Follicle. Original magnification x100 (El Hoss & Brousse, 2019). 

 

3.2 Consequences of loss of spleen function  

In SCD, splenic loss of function is the natural fate. Functional or anatomical asplenia is a 

common feature in sickling disorders although its onset may vary across genotypes and 

environments. Loss of spleen function results in an increased infectious susceptibility to 

encapsulated bacteria, first of all Streptococcus pneumonia (Booth et al., 2010). In high-income 

settings, the increased risk of invasive pneumococcal infection is well tackled by early 

diagnosis, penicillin prophylaxis, pneumococcal immunization and aggressive antibiotic 

treatment, so that infection-related mortality in childhood has drastically decreased (Gaston et 

al., 1986; Quinn, Rogers, McCavit, & Buchanan, 2010). By contrast, in sub Saharan Africa, 

where over 300,000 babies with sickling disorders are born annually, more than half of them 

will die by age 5 with infection and malaria being presumably the major contributors (Grosse 

et al., 2011; Ramakrishnan et al., 2010).  
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3.3 Clinical manifestation of the spleen 

While splenic loss of function in SCD is in the majority of cases clinically silent, acute or 

chronic splenic complications may also occur which include acute splenic sequestration (ASS), 

splenomegaly and hypersplenism. These occur with a variable incidence, depending on age, 

genotype and various protective biological and genetic factors. 

3.3.1 Acute splenic sequestration  

Acute splenic sequestration (ASS) results from a brutal trapping of RBCs in the spleen. It is 

defined by the sudden enlargement of the spleen with an acute drop of Hb level > 2g/dL. The 

classic clinical signs are splenomegaly, abdominal pain and tenderness, pallor, and irritability 

or pain. ASS occurs in approximately 7 to 30% of infants with SCA (Brousse et al., 2012; 

Powell, Levine, Yang, & Mankad, 1992; Topley, Rogers, Stevens, & Serjeant, 1981). ASS is 

one of the earliest life-threatening complications seen in patients with SCD. Such a 

complication has been reported in a 5-week old and 4-month old (Airede, 1992; Walterspiel, 

Rutledge, & Bartlett, 1984). The median age range for this complication is between 6 months 

and 5 years, with a median age of 1.4 years in a French cohort study (Brousse et al., 2012). 

Predictive factors are still unknown. 

Over 2/3 of infants (67%) experience more than one ASS episode, with a higher risk when ASS 

occurs before the age of 2. Precipitating factors are largely unknown although an infectious 

triggering event is often associated. Studies have reported an association between the 

occurrence of a parvovirus B19 infection and ASS and highlighted the need to monitor patients 

with an active parvovirus B19 infection for ASS episodes (Emond et al., 1985).  

Despite the expected decline in spleen function with time, ASS, which presumably requires an 

active spleen to occur, has also been described in older patients, both in SCA and SC disease, 
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with a higher risk of a fatal outcome given the difficulty of recognition in adult patients 

(Naymagon, Pendurti, & Billett, 2015).  

While there is a wide spectrum of severity, urgent treatment based on top-up transfusion or red 

blood cell exchange is mandatory as transfusion delay can lead to hypovolemic shock and death 

from acute anemia. ASS was considered as the second cause of death after infections in the first 

decade of life but ASS-related mortality has decreased in the last years in areas where neonatal 

screening is available and parental awareness allows prompt medical assistance in case of ASS 

(Emond et al., 1985; Powell et al., 1992; Telfer et al., 2007). 

3.3.2 Splenomegaly 

Splenomegaly is presumably the result of moderate trapping of rigid RBCs and translates into 

a limited enlargement of the spleen with no or very mild hematological consequences. Its 

prevalence is variable depending on genetic and environmental determinants. In a Jamaican 

setting, splenomegaly reached its highest incidence in the first year of life in patients with SCA, 

followed by progressive decrease (Rogers, D. W., Vaidya, & Serjeant, 1978). More recently, in 

the US, spleen volume assessed by ultrasonography in a large cohort of infants aged 7.5-18 

months showed a mean volume significantly greater than normal age-matched controls 

(McCarville et al., 2011). Genetic modifiers of disease severity such as co inheritance of α-

thalassemia or β-globin haplotypes associated with high HbF levels prolong spleen function 

and hence in certain cases splenomegaly to adulthood (Alsultan et al., 2014; Chopra, Al-

Mulhim, & Al-Baharani, 2005; Embury, Clark, Monroy, & Mohandas, 1984). 

Conflicting results about spleen size and function have been published. Increased pitted cells 

and HJB-containing RBCs together with decreased scintigraphic uptake have been reported in 

SCD patients suffering from an enlarged spleen, a finding that gave rise to the concept of 

functional asplenia i.e. a palpable spleen with decreased function (Pearson, Spencer, & 

Cornelius, 1969a). However, other studies show a significant inverted relationship between 
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pitted RBC count and spleen size (Adekile et al., 1993). It is now considered that there is no 

relationship between spleen size and function so that splenomegaly can result in either a normal 

or a decreased function (McCarville et al., 2011). 

3.3.3 Hypersplenism 

Hypersplenism is the consequence of chronic blood sequestration in the spleen with subsequent 

cytopenia. It occurs when the spleen is chronically enlarged and probably partly fibrotic, 

preventing it from shrinking back to a normal size, notably after transfusion. Hypersplenism 

has overlapping features with ASS or splenomegaly so that the diagnosis may sometimes be 

difficult and consequently the exact prevalence ill-defined. Like splenomegaly, hypersplenism 

has a higher frequency in patients with high HbF levels and co-inheritance of α-thalassemia 

(Singhal, Thomas, Kearney, Venugopal, & Serjeant, 1995).  

 

4 Erythropoiesis  

4.1 Developmental waves of erythropoiesis 

During mammalian embryonic development, hematopoiesis occurs in three distinct waves. 

Most studies of this process have been done in mice by the groups of Palis and Yoder. In mice, 

the first wave of hematopoiesis, known as the primitive wave, is observed at embryonic day 

7.5. During this stage primitive erythroblasts (nucleated megaloblastic erythroblasts) and 

platelet progenitor cells and macrophages are produced (Potts et al., 2014). During the second 

hematopoietic wave, erythro-myeloid progenitors (EMPs) develop at day 8.25 in the yolk sac. 

At this stage EMPs migrate from the yolk sac to the liver to produce erythroblasts (McGrath et 

al., 2011). At day 10.5, the third wave of hematopoiesis starts yielding hematopoietic stem cells 

(HSCs) which emerge from the hemogenic endothelium, known to be located in the umbilical, 

vitelline, cranial, yolk sac and placental region (Yoder, 2014). At this stage HSCs migrate to 
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the liver to undergo expansion before moving to the bone marrow where they are known to 

remain in an inactive state (Kiel et al., 2007). Of note, studies have shown that mutant mice 

unable to produce HSCs remain alive during embryonic stage via the EMPs (Figure 16) (Chen, 

M. J. et al., 2011).  

Figure 16: The developmental waves of erythropoiesis (Yoder, 2014). 

 

4.2 Human erythropoiesis at steady state 

Human erythropoiesis is a complex multi-step process that takes place in the bone marrow in 

adults, starting from a multipotent HSC and ending with an enucleated reticulocyte that exits 

the bone marrow and matures in the circulation to become an erythrocyte (Orkin, 2000). 

Erythropoiesis starts with an engagement phase, where HSCs give rise to the common myeloid 
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progenitors (CMPs) (Figure 17) (Orkin, 2000). The CMPs differentiate into the bipotent 

megakaryocytic-erythroid progenitors (MEPs) that have potential to form erythroid or 

megakaryocytic (Gregory & Eaves, 1977).  

 

Figure 17: Human hematopoiesis. Hematopoietic stem cells can give rise to either common lymphoid 

or common myeloid progenitors. The myeloid progenitors are responsible for red cell formation (Solier, 

Fontenay, Vainchenker, Droin, & Solary, 2017). 

 

Burst-forming unit-erythroid (BFU-E) are the first committed progenitors to the erythroid 

lineage downstream of the MEPs, that further differentiate into colony-forming unit-erythroid 

(CFU-E) (Gregory & Eaves, 1977). The CFU-E then enter the second phase of differentiation, 
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also called terminal differentiation, where the proerythroblast sequentially differentiates into 

basophilic, polychromatic and orthochromatic erythroblast. During the terminal phase 

hemoglobin is synthesized and nucleus condensation occurs, thus facilitating the enucleation 

process and giving rise to the reticulocyte, the immature erythrocyte (Granick & Levere, 1964). 

The reticulocyte exits the bone marrow and matures into the erythrocyte, the biconcave red 

blood cell. This mature red blood cell circulates in the bloodstream for a period of 120 days 

before being eliminated by the macrophages in the reticuloendothelial system (Figure 18) 

(Gifford, Derganc, Shevkoplyas, Yoshida, & Bitensky, 2006). 

Figure 18: Human erythropoiesis, for the hematopoietic stem cell to the mature red blood cell 

(RBC). The differentiation from CFU-E to the reticulocyte takes place in the erythroblastic islands in 

the bone marrow niche (Zivot, Lipton, Narla, & Blanc, 2018). 

 

4.3 The erythroblastic island 
 

Mammalian erythroid differentiation occurs in specific niches in the bone marrow known as 

erythroblastic islands. These islands are constituted by one or two central macrophages 

surrounded by various erythroid cells at different stages of differentiation (Figure 19) (Lee et 

al., 1988). The central macrophage often does not have a round or oval shape but rather a star 

shape with very thin cytoplasmic extensions (Bessis & Breton-Gorius, 1962). The central 

macrophage plays a critical role in erythropoiesis, acting as an anchor to the erythroblasts 

providing cellular interactions required for differentiation and proliferation. Moreover, this 

macrophage is capable of phagocytosis of the extruded nuclei from terminally differentiated 
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erythroblasts (Seki & Shirasawa, 1965; Skutelsky & Danon, 1972). The central macrophage 

also plays a crucial role in heme synthesis as it directs the transfer of iron to the erythroid 

progenitors (Bessis & Breton-Gorius, 1962). Moreover, these erythroid niches are in a hypoxic 

microenvironments with an oxygen level between 1-7% (Mohyeldin, Garzon-Muvdi, & 

Quinones-Hinojosa, 2010; Yeo, Cosgriff, & Fraser, 2018). 

Figure 19: The erythroblastic island. (A) Electron microscopy image of erythroblasts surrounding the 

central macrophage which is seen to be containing some phagocytized inclusions (Bessis & Breton-

Gorius, 1962). (B) May Grunwald Giemsa staining of an erythroblastic island (Author: Peter Maslak, 

Copyright © 2019 American Society of Hematology). (C) An illustration of the erythroblastic island 

with the star shaped central macrophage and early erythroblasts, late erythroblasts and enucleated 

reticulocytes (Chasis & Mohandas, 2008). 
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4.4 Regulation of erythropoiesis 

The process of erythropoiesis is known to be mainly regulated by the humoral cytokine 

Erythropoietin (EPO). EPO is synthesized by the kidney and secreted in the blood stream where 

it targets erythroid progenitors in the bone marrow (Broxmeyer, 2013). 

EPO is the primary mediator of hypoxic induction of erythropoiesis. During fetal development 

EPO is mainly produced by the liver while following birth the kidney accounts for 80% of EPO 

production. Hypoxia induces an increase in EPO production by the kidney, which in turn 

circulates in the plasma and binds to the EPO receptor which is abundantly expressed on 

erythroid progenitor cells, hence promoting viability, proliferation and terminal erythroid 

differentiation and ultimately increasing the red cell mass. The oxygen carrying capacity of the 

blood is therefore enhanced, increasing tissue oxygen tension and completing the feedback loop 

to suppress EPO production (Bunn, 2013) (Figure 20). 

Figure 20: Regulation of red cell production by EPO (Bunn, 2013). 

 

Both hypoxia inducible factor (HIF), which is regulated by hypoxia, and GATA binding 

proteins are involved in the process of EPO regulation. GATA-1, 2 and 3 have been shown to 

down-regulate EPO mRNA expression by binding to the EPO promoter region (Imagawa, 

Yamamoto, & Miura, 1997).  
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EPO-induced intracellular signaling during erythropoiesis is initiated by the binding of EPO to 

the Epo receptor (EPOR), a process that takes place from the CFU-E to the polychromatic stage 

(Wojchowski, Sathyanarayana, & Dev, 2010; Wu, H., Liu, Jaenisch, & Lodish, 1995). The 

binding of EPO to EPOR initiates the activation of the Janus kinase 2 (JAK2) and signal 

transducer and activator of transcription STAT5 pathway that plays a pivotal role in erythroid 

progenitor survival, proliferation and differentiation (Neubauer et al., 1998; Parganas et al., 

1998). During erythroid differentiation, transcription factors GATA-1 and GATA-2 play an 

important role in the regulation of lineage-restricted gene expression. GATA-2 is required for 

the conservation and proliferation of hematopoietic stem and progenitor cells while GATA-1 is 

required for the terminal erythroid differentiation. Thus, a balance between GATA-1 and 

GATA-2 expression is critical throughout erythropoiesis to drive erythroid differentiation and 

the expression of the β-globin genes (Moriguchi & Yamamoto, 2014). 

Caspase 3 is vital during erythroid differentiation, its signaling function begins at the late BFU-

E stage, playing an important role in the expression of erythroid genes and of anti-apoptotic 

genes (Boehm et al., 2013; Krauss et al., 2005). Caspase-3 is thus transiently activated during 

erythroid differentiation and cleaves proteins that may prepare expel of mitochondria and 

enucleation by reticulocytes (Solier et al., 2017).Caspase 3 targets cells that strongly express 

the EPOR, and it is also known to play an important role in the GATA-1 signaling pathway 

(Boehm et al., 2013; Gregoli & Bondurant, 1999). Studies have shown that GATA-1 is 

protected from caspase-3 cleavage during terminal differentiation through its interaction with 

the chaperon Heat Shock Protein 70 (HSP70) (Ribeil et al., 2007). For this protection to occur, 

HSP70, which is expressed mainly in the cytoplasm, is translocated from the cytoplasm to the 

nucleus. This translocation takes place in the presence of EPO, with EPO depletion driving 

HSP70 nuclear export to the cytoplasm, GATA-1 cleavage and subsequent apoptosis (Figure 

21). 
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Figure 21: GATA-1 protection by HSP70 during terminal erythroid differentiation (Ribeil et al., 

2007). 

 

4.5 Ex vivo culture systems of erythropoiesis 

For a better understanding of erythropoiesis and its pathologies, an ex vivo culture system is 

required. Ex vivo erythropoiesis can be established from different sources, such as 

hematopoietic progenitors isolated from peripheral blood or cord blood samples, human 

embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs) (Giarratana et al., 2011; 

Palis, 2008; Tanavde et al., 2002).  

The choice of an ex vivo culture system depends highly on the aim of the study. The focus of a 

study can be centered upon either a synchronous differentiation to specifically examine the 

different stages of erythropoiesis or a high final yield of reticulocytes, regardless of maintaining 

a synchronized system (Severn & Toye, 2017). To achieve one of the above aims different ex 

vivo cultures containing different cytokine mix have been developed (Table 1). 
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Table 1: The expansion rates and enucleation rates of different erythropoiesis protocols (Severn & 

Toye, 2017) 

 

Different laboratories have developed ex vivo culture protocols with various culture stages (Table 1). 

Principally a primary stage includes stem cell factor (SCF), interleukin-3 (IL-3) and erythropoietin 

(EPO), a secondary phase includes SCF, EPO and transferrin and the latter is followed by a terminal 

phase including EPO and holotransferrin (Severn & Toye, 2017). Alternatively, some laboratories 

include interleukin-6 (IL-6) in the first stage, to increase expansion prior to differentiation (Fibach, 

Manor, Oppenheim, & Rachmilewitz, 1989). The latter has proven useful in ex vivo culture of 

progenitors derived from patients with hematological pathologies, where isolation of progenitor cells is 

difficult (Reihani et al., 2016). 
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4.6 Monitoring of erythropoiesis 

To study erythropoiesis, it is important to be able to isolate erythroid progenitors and 

erythroblasts at different stages of development. To date, considerable progress has been made 

in the techniques focused on isolation and characterization of erythroid progenitors and 

erythroblasts using fluorescence-activated cell sorting (FACS)-based methods. The group of 

Mohandas Narla developed a FACS-based method using the expression of membrane proteins 

to distinguish between erythroblasts in the terminal erythroid differentiation. They identified 

that during erythroid differentiation the expression of the major red cell proteins increased while 

the expression of adhesion molecules decreased. More specifically they identified that the 

expression of both Glycophorin A (GPA) and Band 3 increased during erythroid differentiation, 

while the expression of α4 integrin decreased. Using these markers they developed a method to 

isolate highly purified populations of erythroblasts both in vivo and in vitro (Figure 22) (Hu et 

al., 2013).  

Figure 22: Flow cytometry analysis for the isolation of human erythroblasts. CD45- cells isolated 

from primary human bone marrow were stained for GPA, α4 integrin and band 3. (A) Plot of band 3 and 

α4 integrin of GPA positive cells. (B) Representative images of the sorted cells gated in A. (C) Invitro 

cultured erythroblasts stained with GPA, α4 integrin and band 3. (D) Representative images of 

erythroblasts morphology for the 6 distinct regions represented in C (Hu et al., 2013).  
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4.7 Ineffective erythropoiesis in erythroid disorders 

Some erythroid disorders have known defects in erythroid differentiation, known as 

dyserythropoiesis defects, such as thalassemia syndromes, while others such as SCD have less 

characterized but the circulating red cells have defective function 

4.7.1 Ineffective erythropoiesis in hemoglobinopathies 

A. α-thalassemia and β-thalassemia 

α-thalassemia is known to cause a reduction or absence in the α-globin chains leading to excess 

β-chains that form a precipitate within the developing red cell. These excess β-chains form 

tetramers in adults thus leading to hemolytic anemia and ineffective erythropoiesis. α-

thalassemia patients have variable degree of anemia, the latter depending on the number of non-

functional alpha globin genes (Kan & Nathan, 1968; Kan & Nathan, 1970). 

β-thalassemia’s are a group of recessive autosomal inherited disorders characterized by 

moderate to severe anemia because of altered or absent production of β-chain. In β-thalassemia, 

mutations in the β-gene create an imbalance between α and β-chains leading to the accumulation 

of α-tetramers in the cytoplasm. In β-thalassemia there are a multiplicity of different genetic 

mutations that give rise to a heterogeneous spectrum of clinical expression ranging from mild 

anemia to transfusion dependence. (Ribeil et al., 2013). Ineffective erythropoiesis is a 

characteristic of β-thalassemia, with high levels of apoptotic erythroblasts during the late stages 

of terminal differentiation, when there is marked increase in hemoglobin synthesis (Arlet et al., 

2014; Arlet, Dussiot, Moura, Hermine, & Courtois, 2016; Rivella, 2009). Ineffective 

erythropoiesis is the major cause of anemia in β-thalassemia patients. 

A recent study conducted in severe β-thalassemia patients (with no β-chain expression), 

demonstrated that HSP70 interacts directly with the free α-globin chains resulting in its 
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cytoplasmic sequestration (Arlet et al., 2014). As a consequence, GATA-1 is not protected from 

caspase-3 cleavage, which leads to end-stage maturation arrest and apoptosis in differentiating 

precursors, which causes anemia (Arlet et al., 2014). The resulting anemia induces a 

compensatory activation of erythropoiesis leading to increased proliferation of the erythroid 

progenitors in the bone marrow and resulting in medullary expansion (Figure23) (Arlet et al., 

2016). 

 

Figure 23: Difference between normal and β-thalassemia ineffective erythropoiesis (Ribeil et al., 

2013). 

 

B. Sickle cell disease 

The marked decrease in life span of circulating red cells is the major determinant of chronic 

anemia in SCD and it is generally surmised that ineffective erythropoiesis contributes little to 

anemia. There is, however, a number of sporadic reports over the years suggestive of alterations 

during terminal erythroid differentiation in SCD. For example, erythroblasts differentiated in 

vitro or isolated from bone marrow of SCD patients were shown to sickle under hypoxic 

conditions (Hasegawa et al., 1998). Such sickling was also reported in the SAD mouse model, 

with altered morphology of late stage erythroid precursors within the bone marrow, with high 

levels of hemoglobin polymers and increased cell fragmentation occurring during medullary 
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endothelial migration of reticulocytes (Blouin, De Paepe, & Trudel, 1999). Finally, the study 

of Wu et. al. showed evidence of ineffective erythropoiesis occurring in the bone marrow of 

transplanted SCD patients with an imbalance favoring the survival of the donor erythroid 

progenitor cells (Wu, C. J. et al., 2005). 

Despite these elements in the literature, there is no clear cellular and molecular demonstration 

of such ineffective erythropoiesis occurring in SCD patients. It is important to finely address 

this biological process in non-transplanted SCD patients, in the absence of conditioning and 

exogenous donor-related factors that can impact the hematopoietic niche and interfere with the 

survival of patient’s erythroblasts.
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Fetal hemoglobin has proven to be a pivotal protective parameter in disease severity in SCD 

patients, preventing and delaying severe complications, and increasing survival (Platt et al., 

1994). Several studies in the literature evaluated the beneficial role of HbF in SCD patients, 

however many questions remain to be addressed regarding cellular and molecular mechanisms 

by which this effect is exerted.  

The aim of my thesis was to determine the role of fetal hemoglobin in spleen function, red cell 

survival and ineffective erythropoiesis in SCD patients. This was achieved by addressing the 

following points:  

1. Evaluation of fetal hemoglobin in the natural history of spleen dysfunction in a 

longitudinal cohort of SCD children, and specifically in the occurrence of Acute Splenic 

Sequestration (ASS). 

2. Study of the cellular expression and distribution of fetal hemoglobin in SCD children, 

in untreated patients and patients treated with Hydroxycarbamide. 

3.  Assessment of ineffective erythropoiesis in SCD patients and of the role of HbF as a 

protective factor against cell death during terminal erythroid differentiation
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In sickle cell anemia the initiation of RBC abnormal properties takes place early in infancy 

during the hemoglobin switch from γ to βS globin. HbS polymerization occurs and after several 

hypoxic cycles irreversibly sickled cells (ISCs), are formed. At this same period of time, in 

SCA infants, damage may occur in the spleen. Although splenic dysfunction is central to 

morbidity and mortality in children with SCA, the initiation and determinants of spleen injury, 

including acute splenic sequestration (ASS), are not fully established. 

In this chapter, we set up and validated a high-throughput method to evaluate spleen function 

by measuring the percentage of circulating RBCs with Howell Jolly Bodies (%HJB-RBCs). 

Moreover, using our technique we investigated splenic loss of function in a longitudinal cohort 

of infants with SCA and explored the contribution of impaired RBC properties to splenic 

dysfunction (increased adhesion and decreased deformability). 

 

A novel non-invasive method to measure the splenic filtration function in humans 

The detection of red cells with Howell Jolly bodies and the liver-spleen scintigraphy scan are 

the currently used methods to assess splenic filtration function. The first is time consuming, and 

user-dependent. The second is quantitative but uses radioactive material in an invasive 

laborious manner. Here, we developed an automated, high throughput, non-invasive, and low-

cost method to accurately measure splenic filtration function using flow cytometry. This part 

of the work was published in June 2018 in Haematologica as a Letter to the Editor (Appendix 

on page 174; DOI: 10.3324/haematol.2018.188920). 

Novel template to quantify HJB-RBCs using imaging flow cytometry (IFC) 

In this technique we used the Hoechst dye to stain the HJB, since Hoechst dye binds DNA and 

not RNA thus eliminating nonspecific labeling of reticulocytes. Using RBCs from non-SCA 

splenectomized patients we gated the Hoechst positive population. We observed high 
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percentages of Hoechst positive events (Table 1). We performed the staining in blood samples 

from control individuals, where little or no HJB-RBCs should be detected, and we did observe 

percentages higher that 1% (Table 1). The latter suggested the presence of false-positive events. 

To characterize these events, we used imaging flow cytometry (IFC), generated 50,000 pictures 

of RBCs and analyzed Hoechst positive events. We observed three categories of staining: 

Category 1 (RBC with HJB spots), Category 2 (RBC bound to Hoechst positive particles) and 

Category 3 (Hoechst positive particles) (Figure1A and 1B). The Hoechst-positive particles were 

considered non-specific events, i.e. DNA released after lysis of neutrophils during the 

preparation steps Thus, using specific features of staining localization in IFC analysis, we set 

up a template to quantify specifically the cells labeled in Category 1. 

The Hoechst-positive population was gated with reference to a negative tube. To quantify the 

HJB-RBCs we developed a mask using the Modulation feature (a feature measuring the 

intensity range of an image normalized between 0 and 1) and the H Entropy feature (a texture 

feature used to determine if pixel values in an image follow a pattern or are randomly 

distributed). As shown in Figure 1C, using the H Entropy Mean_M07_Hoechst on the x-axis 

and the Modulation_Morphology (M07, Hoechst) on the y-axis, we set up the coordinates of 

the gate as: 3.356 – 5.9 on the x-axis and 0.38 – 0.456 on the Y-axis. 

After applying our analysis template, we observed a decrease in the percentages of Hoechst 

positive events (Table 1). Moreover, all the pictures corresponding to Hoechst-positive events 

were HJB-RBCs, similar to those in Category 1. 

Table 1: %Hoechst-positive events and %HJB-RBCs in splenectomized individuals (S), healthy 

donors (C) and SCA patients (P). 

 Age (years) %Hoechst-positive events %HJB-RBCs 

S1 66 13.00 9.80 

S2 50 10.90 7.89 

S3 34 10.90 9.43 

S4 34 12.8 10.5 

S5 

S 

 

8 12.9 10.4 
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S6 22 14.2 11.6 

S7 11 7.8 6.2 

S8 19 14.1 11.4 

S9 9 12.8 10.2 

S10 11 14.1 11.5 

C1 45 1.30 0.30 

C2 43 1.05 0.30 

C3 38 1.20 0.60 

C4 35 1.50 0.42 

C5 31 1.10 0.30 

C6 28 1.12 0.30 

C7 27 1.30 0.00 

P1 67 12.7 10.9 

P2 61 13.4 10.59 

P3 59 10.2 7.8 

P4 59 18 15.8 

P5 56 21.7 17.9 

P6 53 9.3 7.85 

P7 48 20.2 15.5 

P8 40 21.6 17.5 

P9 37 18.5 14.8 

P10 36 14.1 11.5 

P11 36 11.6 9.87 

P12 1 3.2 2.24 

P13 1 3.33 1.9 

P14 1 0.51 0.32 

P15 1 1.16 0.7 

P16 1 0.29 0.06 

P17 1 0.2 0.08 

P18 1 0.09 0.07 

P19 1 0.28 0.14 

P20 1 0.08 0.02 

P21 0.5 3.65 2.7 

P22 0.5 1.3 0.6 

P23 0.5 0.83 0.6 

P24 0.5 0.82 0.61 

P25 0.5 0.07 0.02 

P26 0.5 0.09 0.02 

P27 0.5 0.02 0.01 

P28 0.5 0.2 0.03 

P29 0.5 0.05 0.01 

P30 0.5 3.14 2.3 

P31 0.5 1.79 1.45 

P32 0.5 0.33 0.23 

P33 0.5 0.25 0.05 

P34 0.5 1.23 0.71 

P35 0.5 0.27 0.16 

P36 0.5 0.2 0.11 
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 Figure 1: Detecting Howell Jolly Bodies using Imaging Flow Cytometry. (A) Histogram representing 

the intensity of Hoechst staining in a splenectomized individual. (B) Images from imaging flow 

cytometry (IFC) distinguishing 3 categories of cells: (1) RBCs with HJB-like spots, (2) RBCs bound to 

Hoechst-positive particles and (3) Hoechst-positive particles. (C) Dot plot representing the mask used 

to discriminate the HJB-RBCs from the non-specific staining using entropy mean feature on the x-axis 

and modulation morphology feature on the y-axis. 

 

Validation of the IFC-based technique 

To validate our method, we compared the percentage of HJB-RBCs obtained from the IFC-

technique with those from the classical May-Grünwald-Giemsa (MGG) staining. HJB-RBCs 

were counted manually within a total of 3,000 RBCs (Figure 2A). The latter was performed on 

10 splenectomized individuals (Figure 2B) and 11 SCA adults (P1 –P11 in Table 1) (Figure 

2C). We observed no significant difference between both methods, thus confirming that our 

IFC-based method is robust.  
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We thereafter applied our IFC method to evaluate the %HJB-RBCs in 25 very young SCA 

children (P12-P36 in Table 1, age range: 6-12 months) who underwent technetium-99m RBC 

splenic scintigraphy. Patients were classified into 2 groups according to their splenic uptake 

percentage: [100%-50%] and [50%-0%]. The two groups displayed marked differences, with 

the [100%-50%] and [50%-0%] groups showing medians of 0.35% and 2.98% HJB-RBCs, 

respectively (Figure 2D). 

 

Figure 2: Validation of HJB-RBCs measurements performed by Imaging Flow Cytometry. (A) 

Images of HJB-RBCs colored by MGG staining taken from blood smears (magnification 20x). (B) 

10 splenectomized individuals (Unpaired t test, p = 0.07) and (C) 11 SCA adult patients (Wilcoxon 

test, p = 0.057) (NS: non-significant). (D) Graphical representation of the percentage of HJB-RBCs 

by IFC in 20 SCA patients with a splenic uptake of 100-50% and 7 patients with a splenic uptake of 

50-0% (Mann-Whitney test, ****p<0.0001). 
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Measuring %HJB-RBCs with conventional flow cytometry 

Imaging flow cytometry is a recent technology that is not present in all hospital and research 

centers. Therefore, to increase the possibility of the use of our method we aimed at refining the 

standard flow cytometry method in order to allow accurate evaluation of %HJB-RBCs using a 

classical flow cytometry.  

We determined the %HJB-RBCs by flow cytometry in the group of 46 individuals with various 

splenic function (36 SCA patients, 10 splenectomized individuals and 7 non-splenectomized 

healthy donors). The percentage of total Hoechst-positive events, determined by standard flow 

cytometry, was plotted against the percentage of HJB-containing RBCs determined by IFC. We 

observed a robust linear regression between both parameters (Figure 3A), with the following 

equation: y = 0.83x - 0.22, where y is the %HJB-RBCs and x the % of Hoechst-positive events 

generated by flow cytometry. We further refined this equation by dividing the 53 samples into 

3 groups and generated 3 equations based on 3 cut-offs of Hoechst-positive events: < 0.5%, 

0.5-3% and > 3% (Figure 3B, C and D). 
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Figure 3: Relationship between %Hoechst-positive events and %HJB-RBCs. (A) Linear regression 

relationship between %Hoechst-positive events (x) and %HJB-RBCs (y) in 53 blood samples (y=0.83x–

0.22). (B, C, D) Refinement of the linear regression according to 3 cut-offs of %Hoechst-positive events: 

(B) < 0.5% (n=18) (y=0.2x + 0.04), (C) 0.5-3.5% (n=14) (y=0.73x–0.15), and (D) > 3.5% (n=21) 

(y=0.76x+0.78). Correlation (Pearson’s correlation coefficient) and Linear Regression, p<0.0001. 
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Insights into determinants of spleen injury in sickle cell anemia 

In this part of the study, 57 SCA infants were included in a comprehensive longitudinal multi-

center study for a total follow-up period of 24 months. The aim was to i) identify very early 

prognostic factors of clinical complications and ii) to evaluate spleen function at this very young 

age, knowing that spleen dysfunction is central to morbidity and mortality in young SCA 

children. This part of the project generated two publications. A paper in the American Journal 

of Hematology published in September 2018 (Appendix on page 179; DOI: 

10.1002/ajh.25260), this first publication details the characteristics of the cohort and identifies 

early prognostic factors, that can predict severe outcomes in the first 2 years of life. A severe 

SCA-related event was defined as the occurrence of either an acute splenic sequestration (ASS), 

vaso-occlusive crisis (VOC) requiring hospitalization, acute chest syndrome, blood transfusion, 

conditional or abnormal trans cranial Doppler (TCD) or death. Multivariate analysis 

demonstrated that higher hemoglobin (Hb) concentration and fetal hemoglobin (HbF) level are 

the two independent protective factors [adjusted HRs (95% CI) 0.27 (0.11-0.73) and 0.16 (0.06-

0.43) respectively]. These findings imply that early measurement of HbF and Hb levels can 

identify infants at high risk for severe complications who might maximally benefit from early 

disease modifying treatments. This part of the project will not be further developed in this result 

section. The second publication is published in Blood Advances Journal (Appendix page 200; 

DOI: 10.1182/bloodadvances.2019000106) and will be further developed.  

Description of the cohort 

A total of 57 infants (SS n=55; Sβ° n=2; 54.4% males) were included in this study and followed 

for a median of 19.4 months (range: 3.1-23.2). During the study period, 8 (17%) infants 

experienced at least one episode of acute splenic sequestration (ASS), at a median age of 13.4 

months (range: 8.0-15.9), an incidence rate within an expected range (Brousse et al., 2012; 

Emond et al., 1985). Thirty-five (59%) remained asymptomatic during the follow up period and 



  Results Chapter I 

63 
 

14 (24%) experienced other SCD-related complications. Analysis was performed longitudinally 

in 47 patients of the cohort. Specific analysis was performed on 7 ASS patients compared to 22 

asymptomatic non-transfused patients for whom samples were available for thorough analysis. 

This analysis was performed at two different time points of 3-6 months and 18 months. The 

mentioned time points represent the cohort before ASS (3-6 months) and after ASS (18 

months). Note that during the study no infant was started on hydroxycarbamide, in line with 

European authorization licensing the drug in SCA for only children over 2 years. Moreover, 

patients transfused during the course of the study were excluded from the analysis. 

Evidence of very early loss of spleen function 

Spleen function was assessed using both a high throughput cytometry method for HJB-RBC 

counts and 99mTc heated RBC scintigraphy at two time points (3-6 and 18 months) in a cohort 

of 47 infants (2 patients were transfused during the study period and excluded from the 

analysis). Figure 4 explicits the exploration of splenic function performed on this cohort.  

Figure 4: Spleen exploration in the SSADREPA cohort. 

SSA DREPA cohort 

57 infants (SS n=55; Sβ° n=2; 54.4% males) 

HJB-RBCs and ISCs 

n=45 (3-6 months and 18 months) 

Adhesion assay 

n=15 (3-6, 12, 18 and 24 months) 
1st spleen scintigraphy at 3-6 month 

n=25 

2nd spleen scintigraphy at 18 month 

n=17 
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 At enrollment, at a median age of 6 months (range: 2.75-8), the median %HJB-RBCs was low 

(0.3%, range: 0.01-2.9, n=45) and similar to an adult healthy control group, albeit with a 

different distribution range (0.3%, range: 0.01-0.6, n=7; p=0.93). Between enrollment and 18 

months, the median %HJB-RBCs significantly increased, from 0.3% to 0.74% (range: 0.01-

5.11%) (Figure 5A) (Table 2), illustrating the expected decline in spleen function. By contrast, 

HJB-RBCs counts on classical MGG blood smears were only slightly elevated in a very small 

proportion of patients and did not allow further interpretation by lack of sensitivity.  

99mTc heated RBC splenic scintigraphy was performed in a subgroup of 25 patients (with 

comparable characteristics to the rest of the cohort) at a median age of 6.2 months (range: 4.9-

8.0). There was a normal splenic uptake in 17 cases (68%) and a decreased uptake in 8 cases 

(32%) (Table 2). All scans were qualified as homogenous. Median splenic volume was 45 ml 

(range: 0-100), a volume increased compared to healthy age-matched controls (median 21 ml, 

range 14-42 ml) (Nemati et al., 2016). Only 28% of the patients had a spleen volume within the 

5th and 95th percentile of age-matched healthy controls. There was no association between 

laboratory parameters including RBC indices (MCV, MCHC), hemolysis markers or %HbF 

measured at enrollment and the result of spleen scans at this age (Table 3). A second spleen 

scintigraphy, performed in 17 patients at a median age of 18.3 months (range: 16.6-19.5) 

showed a decreased splenic uptake in 7 (41.7%) and a stable scan in 9 (53%), further illustrating 

the decline of function with age except for 1 patient who had an unexpectedly increased splenic 

uptake (Table 2). At 18 months, a median splenic volume of 70 ml (range: 0-115) was measured, 

a volume increased compared to 31 ml (range: 10.59-65.4) in healthy controls. Only 16.7% of 

the patients had a spleen volume within the 5th and 95th percentile of age-matched healthy 

controls (Nemati et al., 2016). While 55.6% had an increased volume compared to normal, 

27.8% of the patients had a decreased spleen volume. There was no correlation between splenic 

uptake and volume altogether or independently at each time point. Similarly, there was no 
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correlation between %HJB-RBCs and spleen volume demonstrating that spleen volume is not 

predictive of spleen function. At all time points, a significant correlation was found between 

%HJB-RBCs and splenic uptake (Figure 5B) (R2=0.69, p<0.0001).  

Table 2: Spleen function at 3-6 and 18 months of age in SCA children. Spleen function as measured 

by 99mTc heated RBC spleen scintigraphy (Splenic Uptake) and %HJB-RBCs. ND: not determined. 

*Only one blood sample was processed. 

Age 
(months) 

Splenic Uptake 
% 

Patients 
N (%) 

%HJB-RBCs 
Median (Range) 

3-6 100-150 17 (68) 0.32 (0.01-1.27) 

75-100 3 (12) 0.16, 0.3 and 1.96  

50-75 1 (4) ND 

25-50 2 (8) 0.05 and 3.18 

0-25 2 (8) 2.88 and 2.9 

18 100-150 9 (50) 0.07 (0.01-1.3) 

75-100 2 (11.1) 0.8 and 1.41 

50-75 1 (5.6) 1.12 

25-50 2 (11.1) 2.98* 

0-25 4 (22.2) 4.77 (1.37-5.11) 

 

Table 3: Comparison of routine laboratory parameters between patients with a normal spleen scan 

(100-150%) and abnormal spleen scan at inclusion (75-100%, 50-75%, 25-50% and 0-25%). 

Variable  Median p-value  

Normal Abnormal 

Mean Corpuscular Volume  73.5 (67 - 77) 67.5 (63 - 71.8) 0.44 

Mean Corpuscular Hemoglobin 
Concentration  

25.3 (23.7 - 26.5) 23.2 (22.6 - 24.2) 0.14 

Hemoglobin  9.2 (8.2 - 10) 8.8 (7.9 - 9.8) 0.76 

Hematocrit  26 (24 - 28) 27 (23.5 - 28) 0.98 

Reticulocytes 166 (129.5 - 200.5) 124.5 (104 - 155) 0.13 

Fetal Hemoglobin 36 (26 - 42) 27.5 (21.5 - 42) 0.45 
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Figure 5: HJB in SCA children. (A) %HJB-RBCs determined by imaging flow cytometry (IFC) in 45 

children at 3-6 months and 18 months. ****p<0.0001, Wilcoxon paired test. (B) Distribution of %HJB-

RBCs with respect to splenic uptake as measured by 99mTc heated RBCs spleen scintigraphy. Splenic 

uptake of 100-150% (n=15), 75-100% (n=4), 50-75% (n=1), 25-50% (n=2) and 0-25% (n=5). 

 

Impaired deformability of RBCs increases with time and impacts spleen function  

Irreversibly sickled cells (ISCs), a subpopulation of dense RBCs that are dehydrated and poorly 

deformable due to prolonged deoxygenation, were quantified as a surrogate of decreased RBC 

deformability thereby focusing on the subpopulation of dense cells with the most severe 

phenotype (Liu, Derick, & Palek, 1993). ISCs were measured using an IFC-based analysis 

developed in our laboratory and further detailed in the materials & methods section. ISCs were 

present at enrollment, with a median of 0.96% (range 0.08-2.9%) n=45. ISCs increased 

significantly at 18 months (1.71%, 0.47-6.21) (Figure 6A) (Table 2), similarly to %HJB-RBCs 

(Figure 5A). Pooling all time point measurements, there was significant positive correlation 

between %ISCs and %HJB-RBCs (Figure 6B), suggesting a relationship between altered RBC 

deformability and spleen loss of function. Expectedly, there was a positive correlation between 

%ISCs and splenic uptake by scintigraphy (R2=0.3, ***p=0.0005) (Figure 6C). Since HbF 

modulates the polymerization of HbS and hence RBC deformability, we looked at the 

relationship between ISCs and HbF and found a significant correlation (R2=0.16, ***p<0.0001) 

(Figure 6D).  
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Figure 6: HbF, ISCs and SCA children. (A) %ISCs determined by IFC in 45 children at 3-6 and 18 

months. ****p<0.0001, Wilcoxon paired test (B) Spearman correlation between %ISCs and %HJB-

RBCs at 3-6 (red dots) and 18 months (blue dots) (n=99). Spearman correlation between %ISCs and 

(A) splenic uptake [100-150%: (1), 75-100%: (2), 50-75%: (3), 25-50%: (4), 0-25%:(5)] (n=38) 

and (B) HbF (n=99) as measured by HPLC at 3-6 months (red dots) and 18 months (blue dots), 

*** p<0.0005, ****p<0.0001. 

 

Adhesion properties of red cells 

Increased RBC adhesion may contribute to the congestion of the red pulp of the spleen because 

of abnormal RBC interactions with cellular and matrix components (Brousse, Buffet, & Rees, 

2014). We investigated RBC adhesion properties in a subgroup of 15 infants by first performing 

adhesion assays focusing on the receptor-ligand interaction between CD239/Lu/BCAM 

(Lutheran Basal Cell Adhesion Molecule) adhesion protein and laminin, known to drive 
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abnormal RBC adhesion in SCA (Bartolucci et al., 2010; El Nemer et al., 1998; Udani et al., 

1998). Furthermore, Lu/BCAM has an increased expression on RBCs of SCA children (Brousse 

et al., 2014) and is known to adhere to laminin 521 (El Nemer et al., 1999) an important 

structural component of the spleen extracellular matrix. We also performed adhesion assays on 

TNF-α-activated endothelial cells, to have a more global and physiological approach including 

all adhesive interactions potentially involved in abnormal RBC adhesion to the endothelial wall. 

Lu/BCAM-mediated adhesion to Laminin 

RBC adhesion to immobilized laminin 521 was initiated as early as 3-6 months, with a 

significant progressive increase of the adhesion level at 12, 18 and 24 months (Figure 7A and 

7B), indicating an early triggering of the RBC adhesive phenotype during the 2 first years of 

life. This increase was associated with increased Lu/BCAM expression per cell with age (Figure 

7C). To test if the increase of RBC adhesion was secondary to the activation of Lu/BCAM, we 

determined the phosphorylation level of Lu/BCAM in the same blood samples at the 4 different 

time points. Lu phosphorylation began as early as 3-6 months, in accordance with the high 

adhesion levels observed at this stage. Lu phosphorylation rate did not differ significantly 

between 3-6 and 24 months, indicating that both Phospho-Lu and total Lu/BCAM were 

increasing at the same rate within this time frame (Figure 7D).  
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Figure 7: Lu/BCAM expression and mediated RBC adhesion. (A) Microscopy images of RBCs 

adhering to and laminin 521-coated microchannels at 3-6 months and 24 months. (B) The amount of 

adherent RBCs/mm2 on laminin-coated channels (n=15) at 3-6, 9, 18 and 24 months; *p<0.05, 

**p<0.005, ***p<0.001, Wilcoxon test. (C) Mean fluorescence intensity of Lu/BCAM on mature RBCs; 

****p<0.0001, Wilcoxon test. (D) Phosphorylation of the long isoform Lu (upper panel) and total 

amount of protein (lower panel) as measured in one SCA infant at 3-6, 12, 18, and 24 months after 

precipitation using specific anti-Phospho Lu and anti-Lu antibodies respectively. Quantification of the 

ratio of Phospho-Lu/total Lu at 3-6 and 24 months in 15 SCA children. 

 

RBC adhesion to endothelial cells 

To assess sickle RBC adhesion properties under more physiological conditions, we performed 

adhesion assays using capillaries covered by endothelial cell monolayers. These assays were 

performed under inflammatory conditions because SCD patients exhibit an increase of 

circulating inflammatory cytokines believed to activate endothelial cells thus inducing their 

capacity to recruit circulating blood cells (Solovey et al., 1997). Due to the high rate of vaso-

occlusive crises in the bone we chose to work with a cell line derived from the human bone 

marrow: transformed human bone marrow endothelial cells (TrHBMECs). Cell monolayers 
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were grown in 4 capillaries and were activated by TNFα to express inflammatory markers. 

Adhesion assays on TNF-α-activated endothelial cells showed that RBCs were adherent at 3-6 

months, with a significant progressive increase of the adhesion level at 12, 18 and 24 months 

(Figure 8A and 8B), confirming very early onset of changes in RBC adhesive properties in SCA 

infants. 

Figure 8: RBC adhesion to endothelial cells. (A) Microscopy images of RBCs adhering to TrHBMEC 

monolayers at 3-6 months and 24 months. (B) The amount of adherent RBCs/mm2 on TrHBMEC-coated 

channels (n=15) at 3-6, 12, 18 and 24 months; *p<0.05, **p<0.005, Wilcoxon test. 

 

Adhesion properties and spleen function  

We investigated if these changes in RBC adhesion properties affect spleen function by 

performing correlation analysis between the %HJB-RBCs and the amount of adherent cells on 

laminin and TrHBMECs, respectively. There was no correlation between the number of 
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adherent RBCs on laminin and the %HJB-RBCs (p=0.39) (Figure 9A), indicating that 

Lu/BCAM activation alone is not enough to induce spleen dysfunction. Interestingly, a positive 

correlation was found between the number of adherent cells on TrHBMECs and the %HJB-

RBCs (Spearman’s correlation p<0.0001 R2=0.42) (Figure 9B) suggesting a relationship 

between abnormal RBC adhesion to endothelium, probably driven by several adhesion 

molecules, and spleen dysfunction. 

 

Figure 9: Adhesion properties and spleen function. Spearman correlation between %HJB-RBC and 

the amount of adherent RBCs/mm2 on (A) Laminin (p=0.39 R2=0.027) and (B) TrHBMEC (p<0.0001 

R2=0.42).  

 

Decreased red cell deformability plays a role in ASS occurrence 

During the study period, 8 (17%) infants experienced at least one episode of ASS, at a median 

age of 13.4 months (8.0-15.9), an incidence rate within an expected range (Brousse et al., 2012; 

Emond et al., 1985). Thirty-five remained asymptomatic during the follow up period and 14 

experienced other SCD-related complications. Analysis was performed in 7 ASS patients 

compared to 22 asymptomatic non-transfused patients, for whom samples were available for 

thorough analysis. 
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At enrollment, comparison of %HJB-RBCs in infants who later experienced ASS with those 

who remained asymptomatic showed no significant difference, demonstrating similar spleen 

function in both groups at 3-6 months and excluding intrinsic abnormalities of the spleen 

filtration function in the ASS group at this stage. By contrast, at 18 months the %HJB-RBCs 

was significantly higher in the ASS group as compared to the asymptomatic group (Figure 

10A), indicating altered spleen function after the occurrence of ASS. 

Potential contributors to ASS such as Lu/BCAM-mediated increased adhesion and %ISCs were 

compared between both groups. No significant difference was noted between Lu/BCAM 

expression and Lu/BCAM mediated adhesion levels in these two groups at both time points 

(data not shown). While there was no difference at 18 months, patients from the ASS group had 

a significantly higher %ISCs at enrollment than those from the asymptomatic group (median: 

1.61% versus 0.54%, p = 0.0025) (Figure 10B), suggesting that high levels of ISCs in the 

circulation might be a contributing factor to ASS. 

 

Figure 10: HJB-RBCs and ISCs in asymptomatic and ASS infants. Comparison of (A) %HJB-RBCs 

and (B) %ISCs at 3-6 months and 18 months in asymptomatic and ASS infants. Wilcoxon test. 

**p<0.005.
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SCA is known to cause splenic dysfunction, with the spleen being the first organ to be severely 

injured resulting in substantial morbidity and mortality (Airede, 1992; Walterspiel et al., 1984). 

In clinical practice, exploration of splenic function is limited due to the lack of easy, high 

throughput, non-invasive tools. In addition, direct access to spleen histology is rare because 

autosplenectomy is the natural outcome in SCA. Monitoring spleen function has been neglected 

because the methods used are labor-intensive, such as counting HJB-RBCs, or invasive, such 

as the spleen-liver scintigraphy. The flow cytometry-based method that we set up is a robust 

non-invasive technique for the sensitive detection and evaluation of spleen filtration function. 

In contrast to previously published flow cytometry techniques, our method doesn’t require cell 

fixation or RNA digestion steps (Harrod et al., 2007). Using our new technique and other known 

robust methods, the spleen scintigraphy, we were able to finely study spleen function in very 

young SCA patients. 

Previous studies relying on pitted cells showed that spleen function was lost within the first 5 

years of life in 90% of children with SCA (Brown et al., 1994). More recently, a study using 

liver spleen 99mTc colloid scan showed that in 12 infants with SCA less than 12 months, with 

the youngest aged 8 months, spleen function was impaired in 75 % of the cases (Rogers, Z. R. 

et al., 2011). Our study differs by exploring another aspect of splenic function (the filtration 

function) in a longitudinal manner and in a younger cohort. Splenic 99mTc heated RBC 

scintigraphy explores specifically the filtration function of the spleen as opposed to 99mTc 

colloid spleen scanning that measures the phagocytic uptake by splenic macrophages. Indeed, 

a previous study by Adekile (Adekile et al., 2002) using both methods, demonstrated a temporal 

loss of spleen function in a small series of patients with SCA, with an initial loss of the 

phagocytic function followed by the loss of the filtration function. Considering the very early 

alteration of the filtration function in our young infants (32% of patients had a decreased splenic 

uptake), our results suggest that onset of spleen phagocytic dysfunction may start earlier than 6 
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months. In fact, our highly sensitive method for measuring HJB indeed showed their presence 

in the circulation at this very young age. This data indicates that spleen dysfunction begins in 

the first semester of life in otherwise asymptomatic SCA infants with a sustained HbF level, 

reconciles our data with the results from the baseline splenic exploration of the BABYHUG 

trial mentioned above. Furthermore, because splenic function is immature in otherwise healthy 

infants below 2 years of age, our data support the additional infectious risk in infants with SCA. 

Although there may be a great variability between patients, these results argue for very early 

penicillin prophylaxis therapy in infants with SCA. 

The longitudinal follow-up further allowed insights into the natural history of splenic decline 

of function and its relationship with spleen volume. Almost half of patients (42%) showed a 

decreased splenic function at 18 months i.e. within a year (increase of %HJB and decrease of 

splenic uptake). Furthermore, spleen volume measured by scintigraphy showed an increased 

volume in a majority of children and, importantly, did not correlate with function, a finding not 

only illustrating functional asplenia (Pearson, Spencer, & Cornelius, 1969b), but demonstrating 

that spleen volume is not predictive of spleen function. Importantly, the very significant 

correlation between %HJB-RBCs and results of splenic scintigraphy demonstrates that the 

measurement of %HJB-RBCs by flow cytometry may allow accurate evaluation of the spleen’s 

filtration function in future studies. In clinical practice, this measurement could help monitor 

splenic function and guide the appropriate timing of splenectomy in very young children with 

recurrent ASS for instance, by demonstrating the absence of function and hence no additional 

infectious risk related to the surgical removal of the spleen. Beyond SCA, easily available 

measurement of HJB is a significant improvement given the growing suspected role of the 

spleen in the occurrence of severe complications such as auto-immune diseases, neoplasia, 

thrombo-embolic events and pulmonary hypertension in other hemolytic anemia patients and 

in healthy patients. 
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We chose to focus on sickle RBC adhesion and deformability properties as potential 

contributors to splenic injury because determinants of splenic injury in SCD are not known and 

because the splenic microcirculation specifically challenges these properties. Increased 

adhesion may play a role in spleen injury because increased adhesive properties of sickle RBCs 

prolong transit time in the red pulp, favor HbS polymerization and hence promote both sickling 

(and subsequent congestion) and increased cell-cell interactions (and subsequent phagocytosis) 

within the filtering beds. Here, we confirm the increase with time of the expression of 

Lu/BCAM on RBCs. We also show that Lu/BCAM is activated. We further show that this 

expression functionally translates into a significant increase in adhesion of RBCs on laminin-

coated capillaries. Yet, no correlation (positive or negative) was observed between the 

percentage of adherent RBCs on laminin and the splenic function measured by %HJB-RBCs. 

This may perhaps pertain to the restricted interaction of Lu/BCAM with laminin 521, which 

may not be the major type of laminin present in the extracellular matrix of the spleen. 

Conversely, when adhesion assays were performed on endothelial cells (TrHBMECs), we not 

only observed a significant increase in the number of adherent RBCs with age, but we also 

observed a significant correlation with the %HJB-RBCs, implying a relation between spleen 

function and RBC adhesion. The activation of TrHBMECs leads to the expression of ICAM-1 

and VCAM-1 that mediates cell adhesion(Schweitzer et al., 1997) and previous studies have 

indeed shown the presence of VCAM-1 in the red pulp of the spleen(Dutta et al., 2015; Tada, 

Inoue, Widayati, & Fukuta, 2008). Further immuno-histological studies will be required to 

explore specifically VCAM-1 mediated endothelial-sickle RBC adhesion within the human 

spleen. 

Impaired RBC mechanical properties was analyzed using ISCs as a surrogate marker of 

severely impaired RBC deformability (Liu et al., 1993). In SCA, repeated HbS polymerization 

results in circulating dense red cells constituted not only of sickled cells but also of irregularly 



  Discussion Chapter I 

77 
 

shaped cells. ISCs are of short life span, correlate with hemolysis in vivo, and contribute to the 

pathophysiology of vaso-occlusion (Goodman, 2004). We recently showed that ISCs were 

poorly deformable and prone to blocking capillaries in vitro (Lizarralde Iragorri et al., 2018). 

Because of their lack of deformability, we hypothesized that ISCs get trapped in the filtering 

beds of the red pulp, notably at the inter-endothelial slits barrier. We show here that ISCs are 

indeed present in the circulation at a very young age, and significantly increase with time, 

similarly to %HJB-RBCs. Furthermore, we show that the %ISCs correlates with splenic uptake 

indicating that impaired deformability negatively impacts the splenic filtration function. 

Because ASS is the most life-threatening splenic complication in infants with SCA and is 

probably the extreme acute expression of spleen dysfunction, we analyzed specifically infants 

who experienced ASS and compared them to a selected subgroup of the cohort who remained 

asymptomatic throughout the follow-up. Here we demonstrate that ASS causes further splenic 

dysfunction, as illustrated by the increase of %HJB-RBCs in those who experienced ASS, an 

unsurprising yet so far undemonstrated finding. Regarding determinants of ASS, while keeping 

in mind the small number of events, we found no correlation between increased RBC adhesion 

properties and the occurrence of this event. Conversely, %ISCs was significantly elevated at 3-

6 months in infants who later experienced ASS, a finding suggesting that ISCs, and hence 

decreased deformability, may be an important contributor to ASS. Trapping of ISCs may cause 

a decreased outflow, favoring further sickling and ultimately ASS. Further studies on larger 

samples shall be required to comfort these findings. 

In conclusion, our study demonstrates that flow cytometry analysis of %HJB-RBCs alone may 

accurately reflect spleen filtration function in very young SCA children. Using such analysis 

together with spleen scintigraphy we show that splenic loss of function is present very early in 

life at 3-6 months of age in SCA infants, further declines and is unrelated to spleen volume. 

Hyposplenism results from both RBC increased adhesive properties and, critically, loss of 
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deformability. ISCs are additionally a potential contributor to ASS, which in turn results in 

further loss of splenic function. 
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Patients and blood samples  

Infants diagnosed with SCA following neonatal screening were enrolled in a multi-center 

prospective study on prognostic factors in sickle cell anemia (ClinicalTrials.gov: 

NCT01207037) between September 2010 and March 2013 described in Brousse et al., 2018 

(Brousse et al., 2018). Inclusion criteria were: 1) SS or S-β° sickle genotype; 2) Age less than 

6 months; 3) No prior episode of ASS. At each study visit, complete clinical work up and blood 

sampling were performed and relevant medical events were recorded. Patients were followed 

with scheduled visits planned at enrolment (3 and/or 6 months), 12, 18 and 24 months. All 

received standard age-appropriate care for SCA, however none were treated with hydroxyurea 

in accordance to national treatment guidelines during the study period. No child was lost to 

follow up. The protocol was approved by the ethics committee “Comité pour la Protection des 

Personnes Ile de France II” and by the French agency for security of health products 

(AFSSAPS). ASS was defined by the sudden enlargement of spleen (>2cm compared to basal) 

with a decrease of Hb level (>2 g/dl compared to previous measurement) and reticulocytes 

>100 000/mm3. Asymptomatic patients were defined as patients who did not experience any 

ASS, vaso-occlusive crisis (VOC), transfusion or hospitalization for SCD-related events during 

the follow up period up to 24 months of age. 

At each visit, blood analysis for routine and SCA specific biomarkers was performed as 

described elsewhere (Brousse et al., 2018). In addition, RBCs reserved in ID-CellStab (Biorad) 

were cryopreserved in the Centre National de Référence pour les Groupes Sanguins (CNRGS). 

Blood samples from 7 healthy adult donors obtained from the Etablissement Français du Sang 

(EFS) were used as negative control. 

In this cohort of 57 patients, HJB-RBCs and ISCs quantification was performed in 45 patients 

for whom sufficient sample volumes were available at two different time points (3-6 and 18 

months) and who had not been transfused in the prior 2 months (Figure I.4). However, 7 of 
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these infants were transfused at some point during the follow up. Adhesion assays were 

performed in 15 randomly selected non-transfused patients for whom samples were available 

at all time points for longitudinal analysis.  

Splenic scintigraphy was initially part of the systematic splenic exploration in all infants 

enrolled in the study but following parental reluctance, an amendment to the protocol was 

agreed upon, and spleen scintigraphy exploration became optional. Transfusion was not an 

exclusion criterion. It was performed in 25 patients at the first time point (3-6 months), 17 of 

whom underwent a sequential exploration at 18 months. The subgroup in whom splenic 

scintigraphy was performed was therefore based on parental acceptance and technical 

possibility (e.g adequate venous access). Of note this subgroup did not differ from the rest of 

the cohort in terms of baseline clinical, biological or splenic characteristics (data not shown). 

Among the 25 patients who underwent a spleen scintigraphy, 7 were transfused at some point 

during the course of the study, 2 of which after splenic scintigraphy.  

HJB-RBCs quantification  

Sample preparation  

Blood samples were collected using EDTA tubes and centrifuged at 1500 rpm for 5 min. Ten 

μl of the RBC pellet were washed twice with 1 ml of buffer (PBS, 0.5% BSA) by centrifugation 

at 1500 rpm for 5 min at room temperature. RBCs were suspended in 1 ml of buffer, 80 μl of 

the suspension were added to 120 μl of buffer, and Hoechst 33342 (Life Technologies) is added 

at a final concentration of 40 μg/ml and incubated for 5 min at room temperature. 

Imaging Flow Cytometry assay 

Samples were acquired with the ImageStream®X Mark II Imaging Flow Cytometer (IFC) 

(Merck Millipore) using the 405 laser. Analysis was performed using the IDEAS 6.2 software. 

The Hoechst-positive population was gated with reference to a negative tube. To quantify the 

HJB-containing RBCs we developed a mask using the Modulation feature (a feature measuring 
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the intensity range of an image normalized between 0 and 1) and the H Entropy feature (a 

texture feature used to determine if pixel values in an image follow a pattern or are randomly 

distributed). The above features were chosen due to their ability to distinguish significantly the 

specific HJB-containing RBCs population from the non-specific staining. As shown in 

Supplementary Figure 1A, using the H Entropy Mean_M07_Hoechst on the x-axis and 

Modulation_Morphology (M07, Hoechst)_Hoechst on the y-axis, we set up the coordinates of 

the gate as: 3.356 - 5.9 on the X-axis and 0.38 - 0.456 on the Y-axis. 

Flow Cytometry assay 

Samples were prepared in the same manner as in the previous paragraph and acquired with a 

BD FACSCanto II Flow Cytometer using the 405 laser. 50,000 events were acquired for each 

sample using the DIVA software. Analysis was performed using the FCS Express 6 Flow 

Research Edition software (De Novo Software). 

Blood smears and May-Grünwald-Giemsa staining 

A drop of blood was placed on one end of a glass slide and dispersed over the slide's length 

using a coverslip. The blood smears were fixed with methanol for 30 seconds at room 

temperature and stained with May-Grünwald-Giemsa staining (1/10 dilution in PBS) for 20 

min. The slides were then washed with deionized water and left to dry. Photos were taken using 

an upright microscope (Leica DM6000 B) with a 20x/0,4 HCX PL FLUOTAR, equipped with 

a DFC300 FX color camera. HJB-containing RBCs were quantified using the ImageJ software. 
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Spleen scintigraphy 

Spleen/liver scintigraphy, using heat-denatured 99mTc labeled RBCs, was performed in a 

subgroup of patients at two different time points (6 and 18 months) as previously 

described.(Owunwanne, Halkar, Al-Rasheed, Abubacker, & Abdel-Dayem, 1988). Spleen 

scintigraphy with heated autologous red cells measures primarily the filtrative capacity of the 

splenic red pulp because heated RBCs are poorly deformable and therefore get trapped in the 

splenic microvasculature,(Adekile et al., 1996; Klausner et al., 1975) as opposed to spleen 

scintigraphy with colloids which measures the phagocytic function of the spleen.(Adekile et al., 

1996) Radionuclide images were taken of the posterior, left lateral, and anterior views of the 

spleen. Splenic uptake was compared with that of the liver and expressed in a semi quantitative 

percentage: 0-25% (lowest splenic uptake); 25-50; 50-75%; 75-100%; 100-150% (highest 

splenic uptake) (Figure 11). Spleen volume was calculated using computed tomography. Spleen 

volume was estimated after 1.5 hour of tomography acquisition. 

Figure 11: Spleen/liver scintigraphy, using heat-denatured 99mTc labeled RBCs. Images from a 

spleen/liver scintigraphy using heat-denatured 99mTc labeled RBCs performed in the same SCA infant 

at (A) 3-6 months with a splenic uptake of 100-150% and (B) 18 months with a splenic uptake of 0-

25%. 
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Quantification of Irreversibly Sickled Cells (ISCs) 

The percentage of irreversible sickle cells (ISCs) was determined using an Imagestream ISX 

MkII flow cytometer (Amnis Corp, EMD Millipore). Two µl of packed RBCs were suspended 

in 200 µl of ID-CellStab (Biorad) and 50,000 events were acquired. Irreversibly sickled cells 

(ISCs) were quantified using the IDEAS software (version 6.2) based on an analysis published 

by Van Beers et al (van Beers et al., 2014). Using features of morphology and shape, we set up 

a new refined analysis to measure ISCs. As shown in Figure 12, using the Raw Min Pixel_MC 

Ch01on the x-axis and Modulation_Object (M01,Ch01, Tight) on the y-axis, we set up the 

coordinates of the gate as: 378.69 - 650.631 on the X-axis and 0.082 – 0.339 on the Y-axis. 

 

Flow cytometry analysis 

Blood samples were washed 3 times with PBS and 5 µl of RBC pellet was suspended in 5 mL 

of PBS supplemented with 0.2% BSA. The mouse monoclonal primary antibody was prepared 

Figure 12: Quantification of irreversibly sickled cells using imaging flow cytometry. (A) Gating 

of ISCs in an SCA blood sample using imaging flow cytometry. (B) images of irreversibly sickled 

cells (ISCs) typical of the population present in the ISCs gating.  
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as follows: CD239 (F241 clone, INTS) was prepared at a dilution of 1/10. Washed RBC 

suspensions (80 µl) were incubated with 20 µl of the allocated primary antibody for 60 min at 

room temperature. The samples were then washed twice with PBS 0.2% BSA followed by the 

addition of an anti-mouse PE-conjugated secondary antibody (Beckton Dickinson) at a dilution 

factor of 1/100. The secondary antibody was incubated for 45 min in the dark at room 

temperature. After 2 washes with PBS 0.2% BSA, 200 µl of Retic-Count™ (Becton Dickinson) 

were added to each sample. After an incubation of 30 min the samples were analyzed using a 

BD FACScanto II flow cytometer (Becton Dickinson) and FACSDiva software (Version 6.1.3). 

Flow adhesion assays 

Red blood cell adhesion to TrHBMEC monolayers or to immobilized laminin 521 (Biolamina 

AB, Sundbyberg, Sweden) was determined under physiological flow conditions using Vena8 

Endothelial+ biochips (internal channel dimensions: length 20 mm, width 0.8 mm, height 0.12 

mm) and ExiGo nanopumps (Cellix Ltd, Dublin, Ireland). 

Culture of TrHBMECs in Vena8 Endothelial+ biochips 

For each experiment, TrHBMECs were cultured in 4 channels of a Vena8 Endothelial+ biochip 

for a period of 48 hours before performing the adhesion assay. The channels of the chip were 

coated with 0.2% gelatin and placed in the incubator (37°C) for 20 min before the addition of 

the cell suspension. The cell suspension was prepared at a concentration of 8x106 cells/mL in 

complete medium. After perfusion of TrHBMECs in the channels the biochip was incubated 

for 1.5 hour at 37°C 5% CO2 to allow cell attachment and spreading. The channels were then 

connected to the Kima pump to ensure medium renewal during the 48h of culture. The medium 

circulation rate through the channels was as follows: a circulating phase at 300 µl/min for 30 

seconds followed by a 2-hour static phase. The circulation was monitored by the iKima 

application. After 24 hours of culture, TNFα (100 U/mL) was added to the media to activate 

the endothelial cells during 24 hours. 
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Coating of channels with laminin 

Laminin 521 (5 ng/µl) solutions were added to the channels of a Vena8 Endothelial+ biochip. 

The biochip was placed in a humid box at 4°C overnight. Prior to the adhesion experiments 

laminin coated channels were saturated with hanks solution supplemented with 5% BSA for 2 

hours. 

Preparation of blood samples 

Red blood cells were washed 3 times with PBS by centrifugation at 300 g for 5 min. Cell 

suspensions in Hanks buffer supplemented with 0.4% BSA were adjusted at 15x107 cells/mL 

or 5x107 cells/mL for adhesion assays on TrHBMECs or laminin respectively. 

Adhesion assays under flow conditions 

Adhesion assays were performed at the Dynamic Adhesion Platform (Institut National de la 

Transfusion Sanguine, Paris). Four blood suspensions were perfused in parallel at a shear stress 

of 0.5 dyn/cm2 for 5 min (laminin) or 0.2 dyn/cm2 for 10 min (TrHBMECs) using the ExiGo 

nanopumps, and 5-minutes washouts were performed with Hanks buffer supplemented with 

0.4% BSA at 0.5, 1, 2, 3, 5 and 7 dyn/cm2. After each wash, adherent cells were counted in 5 

representative areas along the centerline of each channel using the AxioObserver Z1 

microscope and AxioVision 4 analysis software (Carl Zeiss, Le Pecq, France). Images of the 

same 5 areas were obtained throughout each experiment using the “Mark and Find” module of 

AxioVision analysis software. Quantification of adherent cells was done by the ImageJ software 

(Image Processing and Analysis in Java). 

Immunoprecipitation and Western blot analyses 

RBCs were lysed for 45 min at 4°C with lysis buffer (Tris 20mM, NaCl 150 mM, EDTA 5mM, 

Triton x100 1% and Azide 0.02%). After centrifugation at 15000 rpm for 15 min at 4°C 

supernatants were incubated with 2 µl of goat serum and 15 µl of protein A sepharose (PAS) 

(Amersham Biosciences) in a preclearing step of 3 hours at 4°C. After centrifugation at 5000 
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rpm for 5 min at 4°C supernatants were incubated with the mouse monoclonal anti-Lu/BCAM 

antibody (clone F241) and 15 µl of PAS overnight at 4°C. After centrifugation the beads were 

washed 5 times with lysis buffer and the proteins eluted in Laemmli buffer at 100ºC for 5 min. 

Proteins were electrophoresed through 8% SDS-polyacrylamide gel and electroblotted to a 

nitrocellulose membrane. The membrane was blocked in TBS 1x, 0.1% tween 20, 5% BSA 

(TBS-T-B) and probed with rabbit polyclonal anti-PhosphoLu antibody (1:10000 dilution in 

TBS-T-B). This was followed by anti-rabbit antibody conjugated to horseradish peroxidase 

(1:2000 dilution in TBS-T-B). The signal was revealed using the chemiluminescent detection 

assay (ECL; GE Healthcare Life Sciences) and images were captured using the Chemidoc 

(BIORAD). The membranes were then probed with biotinylated anti-Lu antibody (R&D 

Systems) (1:10000 dilution in TBS-T-B), which was followed by HRP-conjugated streptavidine 

(Amersham International) incubation (1:2000 dilution in 1x TBS containing 0.05% tween 20) 

and revealed with ECL (GE Healthcare Life Sciences). The quantification of the proteins was 

achieved using Quantity One Software (Biorad). 

Statistics 

Data were analyzed by two-tailed Wilcoxon test or paired Wilcoxon test as appropriate. 

Association between quantitative variables was assessed using Spearman correlation test. 

GraphPad Prism 7.00 and R software were used. *p<0.05, **p<0.01, ***p<0.001 and 

****p<0.0001 were considered significant.
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Fetal hemoglobin (HbF) is a modulator of disease severity as it inhibits HbS polymerization. 

Therefore, determining the percentage of F-cells with significant HbF concentrations using an 

accurate and simple method is of major interest in SCD, both for clinical and research purposes. 

In this part of the project, we first used a microfluidic approach to analyze the effect of HbF 

content in protecting red cells from mechanical stress and hemolysis. The design and fabrication 

of the microfluidic device is detailed in our publication in Lab on a Chip which is also found in 

the Appendix on page 189 (DOI: 10.1039/c8lc00637g), these aspects will therefore not be 

further discussed in the chapter. 

In this chapter, we analyzed HbF intracellular concentration using imaging flow cytometry and 

defined 3 populations of F-cells based on HbF content: Low, Medium and High F-cells. We 

analyzed the distribution of these subpopulations in young infants, untreated patients and 

patients treated with hydroxycarbamide, and studied the effect of HbF on the ability to generate 

ISCs and to protect from mechanical stress. 

 

Early survival advantage of F-cells during erythroid maturation 

In SCD, F-cells have a survival advantage in the circulation over RBCs with no HbF (Franco 

et al., 2006). This feature can be evidenced by the increase in the fraction of F-cells (or 

enrichment of F-cells) during erythroid maturation i.e. between the reticulocyte and the mature 

RBC stages within one blood sample. In SCD patients, reticulocytes exit the bone marrow at 

an immature stage, as a consequence of marrow hyper stimulation by peripheral hemolysis. We 

investigated the distribution of HbF across 3 different maturation stages, ranging from 

immature to mature RBCs: R1 reticulocytes (CD71+RNA+), R2 reticulocytes (CD71-RNA+) 

and mature RBCs (CD71-RNA-). Cells were fixed, permeabilized to allow entry of PE-

conjugated anti-HbF antibody and analyzed by flow cytometry. First, we confirmed enrichment 

of F-cells between the reticulocyte and mature stages as %F-cells was higher in mature RBCs 
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than in reticulocytes for each patient considered individually (Figure 1A and 1B). When 

assessing F-cells within the reticulocyte population, we also found enrichment between the R1 

and the R2 stages (Figure 1C), suggesting that reticulocytes are prone to hemolysis few minutes 

or hours after exiting the bone marrow. 

 

Figure 1: HbF in reticulocytes and mature RBCs. (A) Flow cytometry dot plot representing RBCs 

stained for HbF (Y axis) and a reticulocyte marker (X axis). (B) Percentage of HbF-positive cells in 

reticulocytes and mature RBCs of 42 SCD patients. (C) Percentage of HbF-positive cells in young 

reticulocytes (R1 - CD71+) and older reticulocytes (R2 – CD71-) of 16 SCD patients. Wilcoxon paired 

test **p<0.01, ****p<0.0001. 

 

High, medium and low % of HbF within F-cells in non-treated patients 

We estimated the expression level of HbF within the F-cell (HbF containing cells) population 

by measuring the mean fluorescence intensity (MFI) by flow cytometry (Figure 2A). We found 

a wide distribution of the MFI across patients (Figure 2B) indicating that HbF has different 

expression levels within F-cells. To further explore the expression level of HbF within the F-

cell population, we set up a measurement method based on imaging flow cytometry that takes 

into account both the intensity of the fluorescent signal and the cell size, thus reflecting HbF 

intracellular concentration. Using this method, we divided F-cells into 3 subpopulations 

depending on HbF intracellular expression level: Low, Medium and High F-cells (Figure 2C 

and D). We determined the percentage of each subpopulation in 36 untreated SCD patients and 

found a wide distribution within the 3 subpopulations among all patients (Figure 2E). More 
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importantly Low F-cells were predominant compared to Medium and High F-cells (Figure 2E), 

indicating that while HbF is distributed in a high number of cells, only a small fraction of F-

cells contain high amounts of HbF. To validate our gating method and challenge our conclusion, 

we assessed the presence of irreversibly sickled cells (ISCs) within the 3 subpopulations as an 

in vivo marker of low HbF expression level (Serjeant et al., 1978), since HbF interferes with 

polymerization and hence sickling. We evidenced ISCs in both non-F and F-cells 

subpopulations (Figure 2F), with decreasing percentages according to the F content. The 

absence of ISCs in the High F-cell subpopulation and the high levels of ISCs in the Low F-cell 

subpopulation (Figure 2F) suggested that HbF needs to reach a possibly high threshold level to 

be protective against sickling and hence prevent ISCs to be produced. 

Figure 2: Expression and cellular distribution of HbF in non-treated red cells. (A) Flow cytometry 

histograms representing the expression of HbF in SS RBCs. (B) Correlation between the %HbF and the 

mean fluorescence intensity (MFI) of F-cells (n=45, R2=0.127). (C) Imaging flow cytometry (IFC) dot 

plot representing the three populations of F-cells: Low, Medium and High F-cells. (D) Images of Low, 

Medium and High F-cells obtained by IFC. (E) Distribution of the percentage of Low, Medium and 

High F-cells within total RBCs of 30 non-treated SCD patients. (F) %ISCs in non-F-cells, Low, Medium 

and High F-cells (n=30). Wilcoxon paired test. Mann-Whitney test, ****p<0.0001. 
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F-cells with low levels of HbF are lysed upon mechanical challenge 

Using a microfluidic biochip in which flowing RBCs were challenged mechanically in 10 

consecutive 5 µm x 5 µm channels, we have recently shown that F-cells resist better to lysis 

than non-F-cells (Figure 3A and B) (Lizarralde Iragorri et al., 2018). A typical assay consisted 

in perfusing RBC suspensions in the biochip and measuring free hemoglobin and %F-cells at 

the entry (Input) and the exit (Output) of the device. We further performed assays with 9 blood 

samples from homozygous SS patients and measured the % of Low and High F-cells before 

and after perfusion in the biochip. As expected, perfusion of RBC suspensions in the biochip 

led to hemolysis, with an increase of free hemoglobin concentration in the Output and an 

enrichment in F-cells (Figure 3C and D). Specifically, there was less Low F-cells and more 

High F-cells in the Output than in the Input (Figure 3E and F) indicating that Low F-cells were 

preferably hemolyzed upon mechanical stress, in these conditions. We also demonstrated that 

hemolysis of F-cells occurs in vivo with the presence of free HbF in SCD patients’ plasma 

(Lizarralde Iragorri et al., 2018).  
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Figure 3: The microfluidic biochip. (A) Each microfluidic circuit (top left panel) is composed of 8 

restriction units of 24 parallel channels with 10 serial restrictions of 5 μm in each channel. (B) The 

PDMS biochip with 2 independent circuits. (C) Free hemoglobin in the supernatant of RBC suspensions 

before and after mechanical stress of SS RBCs (n=9). Percentage of (D) F-cells (E) Low F-cells and (F) 

High F-cells before and after mechanical stress of SS RBCs (n=9). **p<0.01. Wilcoxon paired test. 

 

HbF expression and distribution in infancy 

We investigated HbF expression and distribution within RBCs in a longitudinal manner in a 

cohort of SCD infants between the age of 3-6 and 18 months. As expected, %HbF and %F-cells 

decreased from 3-6 than to 18 months (Figure 4A and B) in relation with the progressive 

decrease of  gamma globin expression and the increase of  globin. We determined the % of 

Low, Medium and High F-cells in total RBCs and found a wide distribution at both time points, 

with Low F-cells representing the largest fraction (Figure 4C), indicating that the majority of 

F-cells had relatively small amounts of HbF. There was a significant decrease with time of 
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Medium and High F-cells in total blood at 18 months (Figure 4C). Within the F-cell population 

only, we found the same decrease of Medium and High F-cells at 18 months and in addition an 

increase of Low F-cells resulting in an altogether different HbF distribution at 18 months, with 

an increasing proportion of cells having small amounts of HbF, as observed in older patients 

(Figure 4D). 

Figure 4: F-cells distribution in SCD children. Percentage of (A) HbF and (B) F-cells measured at 3-

6 and 18 months in 50 SCA children. Percentage of Low, Medium and High F-cells in (C) total RBC 

population and in the (D) F-cell population measured in 47 SCD children at 3-6 and 18 months. *p<0.05, 

**p<0.01, ****p<0.0001. Wilcoxon paired test. 

 

Impact of HC on HbF expression and cellular distribution 

We studied the effect of HC on the expression and distribution of HbF in RBCs using the same 

imaging flow cytometry method. We analyzed HbF expression in a longitudinal manner in 10 

homozygous patients before and after a minimal period of 7 months after HC treatment 

initiation at an average dosage of 20-25mg/kg/day. As expected, %HbF, as measured by HPLC, 
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and %F-cells were increased following treatment (Figure 5A and B). The effect of HC also 

translated into lower levels of ISCs during treatment (Figure 5C). Assessing the cellular 

distribution of HbF, we found an inverted profile regarding the Low, Medium and High 

subpopulations, with higher percentages of High than Low F-cells following treatment (Figure 

5D). Investigating the distribution of Low and High F-cells within the F-cell population, we 

observed a systematic increase of %High F-cells for all patients and a decrease of %Low F-

cells (Figure 5D). Regarding the distribution of HbF in the total RBC population, we observed 

a decrease in Low F-cells in the majority of the patients (Figure 5E). Note that the 4 patients 

who showed an increase in Low F-cells are those with the lowest HbF levels recorded before 

the start of HC treatment. Altogether, this indicates that HC increases both the percentage of 

cells expressing HbF and the intracellular concentration of HbF in these cells. 

Figure 5: Effect of HC on HbF distribution. The percentage of (A) HbF, (B) F-cells and (C) ISCs pre 

and post HC treatment. The percentage of Low, Medium and High F-cells pre and post HC treatment in 

(D) the F-cell population and (E) total RBC population. (n=10). **p<0.01. Wilcoxon paired test. 
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Effect of HC on RBC mechanical properties 

To gain insight into the effect of HC treatment on the mechanical properties of RBCs we 

performed microfluidic assays with RBCs from HC-treated patients. Significant levels of 

hemolysis were found to occur during the assays for all patients (Figure 6A) but unexpectedly 

there was no enrichment of F-cells (Figure 6B), indicating that under HC treatment, mechanical 

stress does not preferentially induce hemolysis of the non-F population. 

To further explore the mechanism underlying this observation, we hypothesized that under HC 

treatment, non-F-cells might be more resistant to shear stress because of improved 

deformability following better hydration, reflected by greater MCV (from 76 fl to 92 fl), a 

hypothesis already stated by Orringer et al (Orringer et al., 1991). HC is known to increase the 

mean corpuscular volume (MCV) of RBCs, which is believed to be subsequent to the increase 

of %F-cells in the circulation, which have a bigger MCV (Wiles & Howard, 2009). However, 

there are no specific analyses of the size and morphology of F and non-F-cells previously 

published. To evaluate RBC volume, we relied on imaging flow cytometry, using the projected 

surface area (PSA) feature, by gating only circular RBCs facing the camera. First, we measured 

PSA of F and non-F-cells before HC treatment and confirmed that F-cells were larger than non-

F-cells in all 10 patients (Figure 6C and D). There was an increase in the PSA of both F and 

non-F-cells under HC treatment, (Figure 6E) with non-F-cells reaching levels similar to those 

of F-cells and control RBCs (Figure 6F). These data indicated that HC treatment increases cell 

volume of RBCs regardless of HbF expression, with positive impact on cell shape and 

morphology and possibly deformability. This was further supported by showing that %ISCs 

within the non-F-cell population was lower during HC treatment than before (Figure 6G). 
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Figure 6: Effect of HC on RBC volume. (A) Free hemoglobin in the supernatant of RBC suspensions 

before and after mechanical stress of HC treated SS RBCs (n=10). (B) Percentage F-cells before and 

after mechanical stress of SS RBCs (n=10). (C) A histogram representation of the surface area 

distribution measured by imaging flow cytometry of non-F and F-cells before HC treatment for one 

patient. (D) Surface area of non-F and F-cells before HC treatment in 10 patients. (E) A histogram 

representation of the surface area of non-F and F-cells after HC treatment in one patient. (F) Surface 

area of non-F and F-cells before and after HC treatment in 10 patients and 15 control. (G) Percentages 

of ISCs in the non-F cell population before and after HC treatment in 10 patients. *p<0.05, **p<0.01, 

***p<0.001. Wilcoxon paired test. Mann-Whitney test. 

 

Relationship between %HbF and %F-cells according to age or HC treatment 

To explore the relationship between total amounts of HbF and its cellular distribution, we 

plotted %HbF measured by HPLC against %F-cells determined by flow cytometry. There was 

a linear regression between both parameters in all patient categories but with different R2 values 

indicating a different evolution of HbF cellular distribution according to age. More precisely, 

the values showed an important scattering at 3-6 months as compared to 18 months, which was 

in turn more scattered than in children > 4 years. This difference was reflected by a poor value 

of R2 at 3-6 months (0.23), which increased at 18 months (0.45) and tended to one in older 

children (0.88) as well as in HC-treated patients (0.8) (Figure 7), demonstrating that %HbF is 
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a good indicator of HbF cellular distribution in older children and patients treated with HC as 

it is sufficient to predict %F-cells. Conversely, in infants at 3-6 months of age, %F-cells poorly 

predict %HbF likely because most patients show a pan distribution of HbF, as the globin switch 

is only just beginning. 

Figure 7: HbF correlation with F-cells. A linear regression plot of %HbF and %F-cells in (A) 3-6 

months (n=54), (B) 18 months (n=54), (C) >4 years non-treated (n=38) and (D) HC-treated patients 

(n=38). Linear Regression. 

 

Given the role of intracellular levels of HbF in protecting RBCs from lysis, we then compared 

the different categories of F-cell populations in relation with %HbF. In infants and non-treated 

patients, total %High F-cells was not correlated with %HbF indicating that %HbF measured by 

HPLC does not reflect the proportion of circulating cells with high amounts of HbF in these 

patients (Figure 8A-C).  

Conversely, in HC-treated patients %High F-cells was correlated with %HbF (Figure 8D), 

indicating that under HC, %High F-cells is a great contributor to %HbF measured by HPLC. 

Note that, while Low F-cells correlated with %HbF in non-treated patients, no correlation was 
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observed in the HC-treated cohort. The latter indicating that %HbF measured by HPLC reflects 

different F-cell populations in non-treated and HC-treated patients, Low and High F-cells 

respectively.  

 

Figure 8: HbF correlation with High F-cells. A linear regression plot of %HbF and %High F-cells (in 

total RBCs) in (A) 3-6 months (n=54), (B) 18 months (n=54), (C) >4 years non-treated (n=30) and (D) 

HC-treated patients (n=30). Linear Regression. 

 

Effect of HC treatment on the distribution of High and Low F-cells 

We similarly investigated the correlation between HbF and Low and High F-cells within the F-

cell population in treated patients (unknown dosage). We found that HbF has a negative 

correlation with %Low F-cells and a positive correlation with %High F-cells, altogether 

illustrating how HC changes the distribution of HbF in F-cells (Figure 9A and B). To further 

confirm the effect of HC on HbF distribution in circulating RBCs, we performed a curve fitting 

for both subpopulations. We obtained a second order polynomial fit for Low F-cells and HbF, 
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with an equation of f(x)=4.242+0.8224x-0.0275x2 for the mean of the distribution assuming 

normal distributed noise (Figure 9C). For the relationship between High F-cells and HbF a 

second order polynomial curve was also obtained for the mean with the equation of f(x)=-

0.7348+0.08962x+0.02731x2 (Figure 9D). 

A plot was then extracted for each curve (Figure 9E and F). At HbF levels of 13.76%, the %Low 

F-cells starts to decrease, concomitantly with an increase of %High F-cells (Figure 9E and F). 

These results showed that under 13.76% of HbF the main effect of HC is an increase of %Low 

F-cells, with very low amounts of High F-cells in the circulation (mean: 1.25%). They also 

suggest that %HbF of 13.76% could be considered as a target value above which significant 

amounts of F-cells with high amounts of HbF are present in the circulation. 

Figure 9: Cellular distribution of HbF during HC treatment. Linear regression between HbF and (A) 

Low F-cells and (B) High F-cells within the F-cell population in HC treated patients (n=34). A second 

order polynomial fit for HbF and (C) Low F-cells and (D) High F-cells. A function plot of HbF with 

respect to (E) Low F-cells and (F) High F-cells. ****p<0.0001. 
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To test the effect of this cut-off value regarding biological parameters, we divided the HC-

treated population in two groups according to the %HbF cutoff of 13.76%. We found slight but 

not significant increase of hematocrit and total hemoglobin concentration in the group of 

patients with >13.76% HbF associated with a slight decrease in percentage reticulocytes and 

total bilirubin. Interestingly, however, in patients with %HbF >13.76% there was a higher %F-

reticulocytes and F-cells together with less ISCs indicating that HC-treated patients with 

>13.76%, despite non-significant differences in hematological parameters, may have beneficial 

clinical effects (i.e. less sickling) than those with <13.76% HbF (Figure 10A-C). 

 

Figure 10: HbF and ISCs during HC treatment. A graph representing the percentage of (A) F-cells, 

(B) F-reticulocytes and (C) ISCs in two groups of HC-treated patients, group1: HbF <13.76 (n=21) and 

group 2: HbF >13.76 (n=17). Mann-Whitney unpaired test. *p<0.05, ****p<0.0001. 
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HbF expression in sickle RBCs has been reported by several studies to positively improve red 

cell survival (Franco et al., 2006). These in vivo studies showed that the survival of non-F-cells 

is about 2 weeks for most SCD patients versus about 6 weeks for F-cells (Franco et al., 1998), 

but did not explore the specific mechanism by which HbF expression was beneficial. Our results 

support these findings and further extend them by highlighting the role of HbF content and 

distribution in protecting red cells from hemolysis secondary to mechanical stress, including in 

immature reticulocytes. Altogether, our results emphasize the protective role of HbF against 

mechanical hemolysis during sickle red cell maturation in the circulation. 

Using a microfluidics device, we demonstrated a specific decrease of Low F-cells after 

mechanical stress indicating that a subpopulation of F-cells which contain a low amount of HbF 

undergoes lysis, in line with a prior demonstration that a minimal threshold of HbF should be 

reached to protect RBCs from destruction (Maier-Redelsperger et al., 1998). In vivo, this was 

illustrated by our data showing that free hemoglobin in SCD patients’ plasma is mainly 

composed of HbS, with very small amounts of HbF and that the HbF/HbS ratio in RBC lysates 

is significantly greater than in the plasma, as measured by HPLC. (Lizarralde Iragorri et al., 

2018). The microfluidic data regarding High F-cells further validated our gating strategy and 

suggested that the High F-cells population expresses significant amounts of HbF that may fall 

within the previously reported protective range of 9-12 pg/cell (Maier-Redelsperger et al., 

1994), given the absence of irreversibly sickled cells (ISCs) in the High F-cells population, 

while significant amounts were found in the Low F-cells population.  

Using a longitudinal cohort, we showed that HC is not only able to increase HbF and % F-cells, 

i.e. induce an altogether higher amount of HbF, but also to modify HbF distribution by 

significantly increasing High F-cells and decreasing Low F-cells. Thus, HC treatment changes 

the cellular distribution of HbF. This effect translates into a decrease in ISCs levels in the 

circulation, including among the non F-cell population. Further exploring this finding, we 



  Discussion Chapter II 

105 
 

showed that HC treatment increases the volume of all cells in the circulation, regardless of their 

HbF content, including non-F cells. This confirms a possibly additional beneficial effect of HC 

through an increase in volume and potentially improved hydration of all cells. Our results 

confirm the hypothesis postulated by Orringer et al. in 1991, that the effect of HC on cell volume 

might be independent of HbF increase in the cells (Orringer et al., 1991). Ultimately, an increase 

of cell volume would translate into improved deformability as indirectly suggested by the 

absence of enrichment of F-cells following mechanical shear stress using our microfluidics 

device. 

HPLC is used in clinical practice to monitor %HbF in patients treated with HC. The predictive 

value of %HbF is however poor because it does not reflect the cellular distribution of HbF 

within cells. Here, we showed that %HbF and %F-cells were tightly correlated in SCD patients 

>5 years with no HC treatment, meaning that %F-cells can be predicted with good confidence 

from %HbF. However, there was no correlation between %High F-cells and %HbF or %F-cells 

in these non-treated patients, indicating that none of these 2 parameters can predict the 

proportion of High F-cells in the circulation. Indeed, 2 patients with similar %HbF and close 

%F-cells can have very different proportions of High F-cells in the circulation. Conversely, in 

treated patients, as HbF levels start to increase more cells become High F-cells and are thus 

possibly better protected in the circulation. 

Regarding SCD infants, we have previously shown that HbF measured by HPLC at 3-6 months 

is a predictive marker of severe outcomes up to 2 years of age (Brousse et al., 2018). 

Nevertheless, the lack of correlation between HbF and High F-cells at this age can be explained 

by the high content of HbF in almost all cells. Altogether, when the HbF level is high as in 

infants, High F-cells are expected to be very abundant, whereas when the HbF level decreases 

its distribution becomes critical as it can differ between patients. Monitoring both the quantity 
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of total HbF and the percentage of Low and High F-cells are therefore both important after the 

age of 2, when HbF levels start to decrease. 

In order to better understand the changes of distribution of HbF within cells in the HC treated 

population, we modelled our results with a curve fitting for Low and High F-cells. Altogether, 

we observed that at an HbF value of 13.76% (HPLC), the Low F-cell population starts to 

decrease while the High F-cell population starts to increase. Our finding is in accordance with 

the concept of a threshold value as shown in the seminal clinical study by Platt et al. that 

demonstrated improved survival in patients with HbF levels higher than 8.6%. Likewise, 

simulations performed by Steinberg et al., suggested that at HbF levels lower than 5% , very 

few F-cells are protected while at HbF levels higher than 10% more protected cells are present 

(Platt et al., 1994; Platt et al., 1994; Steinberg, Chui, Dover, Sebastiani, & Alsultan, 2014). 

This study gives new insights into the role of the mechanical dimension as a critical contributing 

factor to hemolytic anemia in SCD. It also highlights that HbF exerts its protective role in vivo, 

showing evidence that high HbF levels protect RBCs from hemolysis upon mechanical stress. 

This study altogether explores the beneficial effect of HbF on red cell protection against 

mechanical hemolysis, a potential major contributor of anemia in SCD patients. More 

specifically, we show that if a critical amount of HbF at a single cell level is necessary to exert 

this protection, yet under HC treatment a globally positive impact is achieved on the whole red 

cell population, including non F-cells. Finally, we show the potential role of High F-cells as a 

more precise marker of HC efficacy, and potentially clinical marker of decreased severity. 
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Patients 

The study was conducted in accordance with the Declaration of Helsinki and was approved by 

the Regional Ethics Committee (n°3215 CPP Ile de France III). Blood samples were recovered 

from blood tubes drawn for medical care after written informed consent. Blood samples were 

collected on ethylenediaminetetraacetic acid (EDTA) from patients with sickle cell anemia (SS 

and Sbeta° genotypes), and from healthy donors (Etablissement Français du Sang). 

Flow Cytometry and Imaging Flow Cytometry 

HbF staining and analysis  

Three µl of RBCs were fixed in with 2.7% formaldehyde, 0.1% glutaraldehyde, PBS 1x for 15 

min. After 2 washes with PBS, RBCs were permeabilized in 0.1 M Octyl β-D-Glucopyranoside 

for 15 min and saturated in PBS, 1% BSA, 0.2% goat serum for 30 min. The RBC pellet was 

suspend in 60 µl of saturation solution and 10 µl of this suspension were incubated with 5 µl of 

PE-conjugated HbF antibody (Life Technologies), with or without 5 µl of APC-conjugated 

CD71 antibody (Invitrogen), for 20 min. RBCs were washed and suspended in 200 µl of BD 

Retic-CountTM (thiazole orange) reagent. After 30 min of incubation, cells were analyzed using 

a BD FACScanto II flow cytometer (BD Biosciences) and acquired using the Diva software 

version 8 (BD Bioscienes). Data was analyzed using FCS Express 6 software (DeNovo 

Software). 

Samples were also analyzed using the Imagestream ISX MkII flow cytometer (Amnis Corp, 

EMD Millipore) and the INSPIRE software version 99.4.437.0. Acquired data was analyzed 

using IDEAS software version 6.2 (Amnis Corp, EMD Millipore).  

Irreversibly Sickled Cells Quantification  

The percentage of irreversible sickle cells (ISCs) was determined using an Imagestream ISX 

MkII flow cytometer (Amnis Corp, EMD Millipore). Two µl of packed RBCs were suspended 
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in 200 µl of ID-CellStab (Biorad) and 50,000 events were acquired. Irreversibly sickled cells 

(ISCs) were quantified using the IDEAS software (version 6.2) based on an analysis published 

by Van Beers et al.18 Using features of morphology and shape, we set up a new refined analysis 

to measure ISCs. As shown in our publication found in the Appendix on page 189, using the 

Raw Min Pixel_MC Ch01on the x-axis and Modulation_Object (M01,Ch01,Tight) on the y-

axis, we set up the coordinates of the gate as: 378.69 - 650.631 on the X-axis and 0.082 – 0.339 

on the Y-axis (Lizarralde Iragorri et al., 2018). 

Hemolysis and HbF measurements 

Free hemoglobin concentrations were determined using the Drabkin’s reagent (Sigma - 

Aldrich). Briefly, 7.5 µl of each RBC suspension supernatant were incubated with 17.5 µl of 

Drabkin’s solution for 30 min in the dark. Absorbance was then measured by Nanodrop 2000 

(Thermo Scientific) at 540 nm and the free hemoglobin concentration was determined using a 

standard curve obtained with known concentrations of free AA or SS hemoglobin (Sigma - 

Aldrich). The percentage of hemolysis, representing the percentage of lysed RBCs in each 

sample, was determined using a standard curve obtained with hemoglobin concentration in total 

lysates of fixed RBCs amounts. 

Standard curve: The standard curve was done following the supplier instructions. A 2 mg/ml 

AA and SS hemoglobin solutions were prepared. Serial dilutions from these hemoglobin 

solutions were prepared [80, 200, 400, 600 mg/ml]. Then 7.5 µl of each dilution was incubated 

with 17.5 µl of Drabkin’s solution for 30 minutes in the dark. The absorbance was read at 540 

nm by Nanodrop 2000 (Thermo Scientific) and then a calibration curve of absorbance values 

versus hemoglobin concentration (mg/ml) was plotted. A curve, passing through the origin, was 

obtained and used to calculate the hemoglobin amount in the collected samples. 
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Statistics  

Data was analyzed by Man-Whitney or Wilcoxon test as required. Correlation (Pearson’s 

correlation coefficient), linear regression and second order polynomial curves were generated 

using the GraphPad Prism 7.00 software. *p<0.05, **p<0.01, ***p<0.001 and ****p<0.0001 

were considered significant. 

With respect to the functions, the Graphpad software was used to find the best fit for the 

functions shown in Figure II.9 C-F. Graph pad inferred the degree of the polynomial from data 

using a nested models approach,together with likelihood ratio tests to select the most 

appropriate model. This showed that a linear model was significantly worse at explaining the 

data while higher order polynomials (third order or higher) did not improve the fit significantly 

over the second order model.
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While ineffective erythropoiesis has long been recognized to be a key contributor to anemia in 

thalassemia, its role in anemia of sickle cell disease (SCD) has not been critically explored. 

Ineffective erythropoiesis has been suggested to be a feature of SCD based on studies of mixed 

chimerism in a small cohort of transplanted patients with severe sickle phenotype. 

In this chapter, using both in vivo and in vitro derived human erythroblasts we assessed the 

extent of ineffective erythropoiesis in SCD patients. We focused on the terminal phase of 

erythroid differentiation and addressed the impact of bone marrow hypoxia on HbS 

polymerization and subsequent cell death of differentiating erythroblasts, in relation with HbF 

expression. 

 

Cell death during the terminal stages of erythroid differentiation in bone marrow of 

SCD patients 

Bone marrow aspirates were obtained from 3 controls and 3 SCD patients. Cells were stained 

for surface markers GPA, CD49d and Band 3 and analyzed by flow cytometry. Differentiating 

erythroblasts were determined using the CD49d and Band 3 double staining pattern within the 

GPA+ population (Figure 1A, B), as previously described (Hu et al., 2013). Imaging flow 

cytometry was used to confirm homogeneity of each gated population using features of size, 

morphology and nuclear size and polarization (Figure 1C). We quantified the cells at the early 

basophilic (EB), late basophilic (LB), polychromatic and orthochromatic stages. Considering 

the GPA positive population as 100%, the mean percentages of EB, LB, polychromatic and 

orthochromatic cells in the control samples (Figure 1A) were 3.71%, 8.39%, 14.8% and 27%, 

respectively (Figure 1D), confirming a single cell division without cell loss separating two 

successive development stages. For SCD samples (Figure 1B), percentages were 5.45%, 

10.61%, 19.28% and 25% (Figure 1D), indicating loss of cell doubling between the 
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polychromatic and orthochromatic stages (1.3 +/- 0.08 vs. 1.9 +/- 0.29 for control, Figure 1E) 

and implying cell death between these 2 stages in a significant proportion of erythroblasts. 

 

Figure 1: Analysis of human terminal erythroid differentiation in vivo. A contour plot representing 

the distribution of GPA-positive cells with respect to Band 3 (x-axis) and CD49d (y-axis) from human 

bone marrow samples of (A) control and (B) SCD patient. (C) Images obtained using imaging flow 

cytometry from the gating of polychromatic (Poly) and orthochromatic (Ortho) erythroblasts. Nucleus 

was stained with Hoechst. (D) Percentages of cells at the early basophilic (EB), late basophilic (LB), 

polychromatic (Poly) and orthochromatic (Ortho) stages in 3 bone marrow samples of controls (green) 

and SCD patients (orange). (E) The fold increase of cells between the EB and LB (LB/EB), LB and Poly 

(Poly/LB), Poly and Ortho (Ortho/Poly) stages in 3 controls and 3 SCD patients. 

 

Hypoxia-induced cell death during in vitro terminal erythroid differentiation 

The bone marrow environment is known to be hypoxic (Mohyeldin et al., 2010; Yeo et al., 

2018). As hypoxia induces HbS polymerization, we hypothesized that cell death may occur in 

vivo because of HbS polymer formation in the late stages of differentiation with high 

hemoglobin cytoplasmic concentration. To test our hypothesis, we performed in vitro erythroid 

differentiation using CD34+ cells isolated from SCD patients and from healthy donors. A 2-
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phase erythroid differentiation protocol was used and cultures were performed at two different 

oxygen conditions starting at day 3 of the second phase, at which time hemoglobin synthesis is 

markedly increased: normoxia and partial hypoxia (5% O2) (Figure 2). There was no difference 

in the general waterfall pattern of erythroid differentiation of control erythroblasts between 

normoxia and hypoxia (Figure 3A), although hypoxia translated into a higher but not 

statistically significant increase in proliferation rate (Figure 3B). Under normoxia, SCD 

differentiation showed a mild acceleration till day 9 as compared to control (Figure 3A), with 

a proliferation rate that was negatively impacted by hypoxia (Figure 3B). Under both oxygen 

conditions, cell proliferation was significantly higher in the control than in the SCD cultures, 

starting from day 7 and at day 9 (Figure 3B). Of note, enucleation rate, measured at day 11 of 

culture, was higher for control than SCD erythroblasts (Figure 3C). In addition, enucleation rate 

was improved under hypoxia for control erythroblasts while it was diminished for SCD cells, 

indicating a negative impact of hypoxia on this critical maturation step in the SCD context. 

Figure 2: Work flow of erythroid differentiation experiments.  

 



  Results Chapter III 

116 
 

To assess if the decrease in proliferation in SCD was due to cell death, we measured the 

percentage of apoptotic cells in the cultures by staining for annexin V+ cells (Figure 3D). This 

percentage of annexin V+ cells was higher in SCD than in control cultures for both oxygen 

conditions at days 7, 9 and 11 (Figure 3E). Furthermore, apoptosis levels of SCD cells were 

higher under hypoxia than under normoxia at days 7 and 9 while no differences were noted for 

control cells (Figure 3E). There was no difference in the extent of apoptosis for SCD 

erythroblasts at day 11 under either oxygen conditions, indicating that cells that survived 

following day 9 of culture were not impacted by hypoxia. MGG staining showed that control 

cells were predominantly at the polychromatic and orthochromatic stages at day 7, with 

significant amounts of enucleated cells at day 9 (Figure 3F). Erythroid differentiation of SCD 

cells was delayed as compared to control (Figure 3F), confirming the flow cytometry data 

(Figure 3A). These results were in accordance with the cell loss in SCD observed between the 

polychromatic and orthochromatic stages in vivo (Figure 1). This validated our choice of 5% 

O2 to mimic hypoxia in bone marrow and indicated that hypoxic conditions during the terminal 

differentiation stages induce cell death in SCD cells only. 
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Figure 3: Cell proliferation and apoptosis during terminal erythroid differentiation in vitro under 

normoxia and partial hypoxia. (A) A contour plot representing the distribution of GPA-positive cells 

with respect to the expression of Band 3 (x-axis) and CD49d (y-axis) at day 3, 5, 7, 9 and 11 of phase II 

in control erythroid precursors under normoxia (CN) or hypoxia (CH), and in patient erythroid 

precursors under normoxia (PN) or hypoxia (PH). (B) Proliferation rate of erythroid precursors at day 

3, 5, 7 and 9 in control (n = 4) and patient (n = 6) under normoxia (N) and hypoxia (H). (C) Percentage 

of enucleation measured at day 11. (D) Flow cytometry plots showing percentage of apoptotic cells 

(Annexin V-positive cells) measured at day 3, 5, 7, 9 and 11. (E) Percentage of apoptotic cells in control 

(n = 4) and patients (n = 6) under normoxia (N) and hypoxia (H). (F) MGG staining images of erythroid 

precursors at day 7 and 9 of phase II. *p< 0.05, **p<0.01, ***p<0.001; Wilcoxon paired test (C and E). 
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F-cells are enriched during SCD erythroid differentiation 

Using flow cytometry, we measured the percentage of cells expressing HbF (F-cells) during in 

vitro differentiation (Figure 4A). Under both normoxia and hypoxia, higher percentages of F-

cells (%F-cells) were observed for SCD cells than for control, at days 5, 7, 9 and 11 (Figure 

4A, B). Interestingly, there was no difference of %F-cells between normoxia and hypoxia for 

control cells, while for SCD %F-cells was higher under hypoxia than under normoxia (Figure 

4A, B). Taken together with the apoptosis data, these findings imply that F-cells were positively 

selected under hypoxia. This inference was supported by the finding of higher percentages of 

dead cells within the non-F-cell population as compared to the F-cell population for SCD cells, 

whereas these percentages were similar between both cell populations in the control (Figure 

4C, D). 

To further explore this finding, we measured the percentage of F-cells in the bone marrow of 

SCD patients during terminal erythroid differentiation. There was a significant increase in %F-

cells between the polychromatic (18.24% ± 1.77) and orthochromatic stages (30.82% ± 4.49) 

(Figure 4E, F), concomitant with the cell loss observed between these stages (Figure 1D, E). 

Taken together, our data show preferential survival of F-cells during erythroid differentiation 

both in vitro and in vivo and support our hypothesis for an anti-apoptotic role of HbF during in 

vivo erythropoiesis in SCD. 
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Figure 4: Distribution of erythroid precursors expressing HbF in vivo and in vitro. (A) Flow 

cytometry plots showing the percentage of F-cells at day 3, 5, 7, 9 and 11 of phase II in control erythroid 

precursors under normoxia (CN) or hypoxia (CH), and in patient erythroid precursors under normoxia 

(PN) or hypoxia (PH). (B) Percentage of F-cells measured at day 3, 5, 7, 9, and 11 of phase II in control 

(n = 4) and patient cells (n = 6) under normoxia (N) and hypoxia (H). (C) Flow cytometry plots showing 

dead cells in non-F (F-) (blue curve) and F-cells (F+) (red curve) of control (CH) and patient (PH) cells 

under hypoxia. (D) Percentage of dead cells measured in the F- and F+ subpopulations for control and 

patient cells under hypoxia. (E) Percentage of F-cells in vivo in the polychromatic (Poly) and 

orthochromatic (Ortho) subpopulations of the patient bone marrow samples (n=3). (F) Imaging flow 

cytometry images of early basophilic (EB), late basophilic (LB), polychromatic (Poly) and 

orthochromatic (Ortho) precursors. Upper images are a merge of brightfield and nucleus, lower images 

are for HbF staining (red). *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001; Wilcoxon paired test (B 

and D). 
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HSP70 is sequestered in the cytoplasm of non-F-cells 

As cytoplasmic sequestration of the chaperone protein HSP70 by α globin aggregates is 

associated with cell death during erythropoiesis in β-thalassemia major (Arlet et al., 2014), we 

investigated if apoptosis of SCD erythroblasts might be due to cytoplasmic trapping of HSP70 

by HbS polymers. We performed Western blot analyses to quantify HSP70 in the cytoplasmic 

and nuclear extracts of erythroblasts at day 7 of phase II of culture (Figure 5A). The 

nucleus/cytoplasm (N/C) ratio of HSP70 was lower under hypoxia than under normoxia for 

SCD cells, while no difference was observed between both conditions for control cells (Figure 

5B). Under normoxia the ratio was also lower for SCD cells than control cells (Figure 5B) 

indicating mislocalization of HSP70 under these conditions. This result suggests altered 

subcellular localization of HSP70 in SCD cells, with lower amounts in the nucleus and higher 

in the cytoplasm when compared to control cells. This imbalance is further exacerbated at 5% 

O2, indicating HSP70 trapping in the cytoplasm of SCD cells under hypoxia. 

To further explore the molecular mechanism of cytoplasmic trapping of HSP70, we performed 

immunofluorescence assays using confocal microscopy and found co-localization of HSP70 

and hemoglobin in both control and SCD cells (Figure 5C). We used Pearson’s correlation 

coefficient to assess the degree of co-localization and found no difference between both cell 

types (data not shown), probably because of the high abundance of hemoglobin in the cytoplasm 

and also due to the optical resolution (Pawley JB., 2006) of a laser scanning confocal 

microscope (theoretical lateral resolution of approx. 200nm with a 63x/1.4NA lens). To 

overcome this limitation, we performed proximity ligation assays (PLA), that show fluorescent 

spots when two proteins are at a distance <40 nm15. Using this method, we detected SCD cells 

with fluorescent spots (PLA+) under both normoxic and hypoxic conditions (Figure 5D) that 

we quantified using imaging flow cytometry (Figure 5E). The percentage of PLA+ cells was 

higher in SCD than control cells for both normoxic and hypoxic conditions at days 5 (not 



  Results Chapter III 

121 
 

shown) and 7 (Figure 5F), indicating proximity between HSP70 and HbS but not HbA. 

Moreover, there were more PLA+ SCD cells under hypoxia than normoxia (Figure 5F), with a 

higher mean fluorescence intensity (data not shown), indicating that hypoxia induces the 

formation of more HbS-HSP70 complexes that could account for cytoplasmic retention of 

HSP70. 
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Figure 5: HSP70 cytoplasmic and nuclear distribution, and colocalization with α-globin. (A) 

Western blot analysis of protein cytoplasmic and nuclear extracts of erythroid precursors at day 7 of 

phase II from control normoxia (CN), control hypoxia (CH), patient normoxia (PN) and patient hypoxia 

(PH). (B) Quantification of HSP70 nucleus/cytoplasm ratio from (A) (n=3). (C) Confocal microscopy 

images of erythroid precursors at day 7 of phase II from CN, CH, PN and PH showing colocalization 

(in yellow) of HSP70 (green) and α-globin (red); nucleus is in blue (n=3); scale bar represents 10 m. 

(D) Proximity Ligation Assay between HSP70 and α-globin at day 7 of phase II. Red spots indicate 
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proximity (<40 nm) between both proteins. Spots were observed in PN and PH cultures, while no spots 

were seen in CN and CH. A representative image of each culture is shown (n=3); scale bar represents 

10 m. (E) (Left) A histogram representing the intensity of APC signal generated by PLA, a gating of 

positive staining and saturated staining is indicated. (Middle) A dot plot representing an analysis mask 

using the compactness feature (x-axis) and intensity feature (y-axis) to discriminate between PLA 

specific staining and non-specific staining. (Right) Representative images of each gate. (F) Percentage 

of cells with a PLA-specific staining (in a total of 7000 cells) in one representative experiment for CN, 

CH, PN and PH erythroid precursors at day 7 of phase II. 

 

The small differences seen in the Western-blot results between normoxic and hypoxic 

conditions of patient cells (Figure 4A, B) was most probably due to the fact that the starting 

material was a mix of F and non-F-cells and the relatively small increase in %F-cells induced 

by hypoxia (11.5% increase at D7, Figure 3B). This is supported by the small difference 

between both conditions in the PLA assays (Figure 4F). To overcome this hurdle, we used 

imaging flow cytometry to investigate HSP70 localization specifically in F-cells and non-F-

cells. We further explored HSP70 trapping in the cytoplasm by investigating its localization in 

F-cells and non-F-cells by imaging flow cytometry. Using morphological parameters, 

specifically nuclear and cytoplasmic surface areas, we set up an analysis template to 

discriminate between the basophilic, polychromatic and orthochromatic erythroblasts in the 

GPA positive population (Figure 6A). The gating strategy was adapted from a previously 

described analysis performed on mouse cells (Kalfa & McGrath, 2018) (Table 1). Note that for 

our analysis only Hoechst positive cells with high GPA expression were taken into 

consideration thus eliminating both reticulocytes and proerythroblasts. As expected, the 

basophilic erythroblasts had the largest cytoplasm and nucleus areas, followed by the 

polychromatic and then the orthochromatic erythroblasts (Figure 6B-D). 
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Table 1: X and Y coordinates defining the gating of the Basophilic, Polychromatic and 

Orthochromatic erythroblasts using imaging flow cytometry. 

 

The distribution of HSP70 in each subpopulation was investigated for non-F-cells and F-cells 

by measuring the intensity of HSP70 in the nuclear and cytoplasmic compartments and by 

calculating the nucleus/cytoplasm (N/C) ratio. In the hypoxic culture at day 7, we observed a 

higher nuclear intensity of HSP70 in the F-cells as compared to non-F-cells of SCD 

polychromatic and orthochromatic cells, while there was no difference in control cells (Figure 

6E-G). The N/C ratio of HSP70 was also significantly higher in the F-cells of both populations 

(Figure 6H), confirming the Western-blot findings (Figure 5A). In control cultures no difference 

in the HSP70 N/C ratio was observed between F-cells and non-F-cells in both polychromatic 

and orthochromatic erythroblasts (Figure 6I). More specifically, this ratio was not different 

from the ratio observed for SCD F-cells (Figure 6I), indicating that HSP70 trapping in the 

cytoplasmic compartment of non-F-cells is specific for SCD erythroblasts. 
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Although there was no significant difference of HSP70 N/C ratio between SCD F-cells and 

control, this ratio showed a wide distribution in SCD F-cells. We hypothesized that this 

heterogeneity might be linked to the intracellular levels of HbF in these cells. Using an analysis 

mask that quantifies the amount of HbF per cell, we classified F-cells as Low and High F-cells, 

depending on the intracellular expression level of HbF (Figure 6J). This mask uses the feature 

of modulation which measures the range intensity of a specific staining in an image; two gates 

were identified using this analysis, the Low F-cells (with a cut-off of 0.74 for the modulation 

feature) and High F-cells (with a cut-off of 0.85 for the modulation feature). We found that 

HSP70 N/C ratio was higher in High than in Low F-cells (Figure 6K), indicating that the 

amounts of HSP70 trapped in the cytoplasm was inversely correlated with the cytoplasmic 

content of HbF and suggesting that high amounts of HbF would be needed for a complete 

protection against apoptosis. This inference was supported by our findings showing lower 

percentages of Low F-cells in SCD cultures as compared to control, as well as lower 

percentages of SCD Low F-cells under hypoxic than normoxic conditions (Figure 6L). On the 

other hand, the percentage of High F-cells was significantly higher in SCD erythroblasts as 

compared to control, with even higher percentages under hypoxia (Figure 6L). Note that no 

difference in the percentage of Low or High F-cells was observed between hypoxia and 

normoxia for control cells (Figure 6L), indicating that the differences observed for SCD cells 

were not due to hypoxia-induced γ globin gene expression but rather to differential cell death 

related to HbF expression levels. To gain better insight into the relation between HbF 

expression level and HSP70 localization, we divided the F-cell population into 7 subpopulations 

(Figure 7A) and plotted the HSP70 N/C ratio values against the HbF intensity per F-cell. The 

fitted curve was hyperbolic (Figure 7B), reaching a plateau of HSP70 N/C ratio at a modulation 

mask value of ~ 800 indicating normalization of HSP70 nuclear localization at this HbF level. 
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Figure 6: HSP70 cytoplasmic and nuclear distribution in F- and F+ cells using imaging flow 

cytometry. (A) A dot plot representing the area of the cytoplasm (x–axis) and the area of the nucleus 

(y–axis) of GPA-high erythroblasts. The dot plot shows the gating of the basophilic, polychromatic and 

orthochromatic erythroblasts. A histogram representing the area of the cytoplasm (B) and of the nucleus 

(C) for the 3 subpopulations (basophilic: red, polychromatic: pink and orthochromatic: blue). (D) Images 

of each subpopulation obtained by imaging flow cytometry. (E) Distribution of the nuclear intensity of 

HSP70 at day 7 of phase II in the F- and F+ subpopulations of control (left) and patient (right) cells 

under hypoxia. (F) Nuclear intensity of HSP70 in F- and F+ polychromatic and orthochromatic 
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erythroblasts at day 7 of phase II (n=6). (G) Images of polychromatic and orthochromatic patient 

erythroblasts representing HSP70 in yellow, HbF in red and the nucleus in purple. (H) HSP70 

nucleus/cytoplasm ratio in F- and F+ polychromatic and orthochromatic patient erythroblasts at day 7 

of phase II (n=6). (I) HSP70 nucleus/cytoplasm ratio in F- and F+ orthochromatic cells of control (n=3) 

and SCD samples (n = 6) at day 7 of phase II under hypoxia. (J) A dot plot representing the modulation 

mask of HbF (x-axis) and mean pixel HbF values (y-axis) used to discriminate between Low and High 

F-cells. (K) HSP70 nucleus/cytoplasm ratio in Low and High F-cells of patients’ orthochromatic 

erythroblasts at day 7 of phase II under hypoxia (n=6). (L) Percentage of Low F-cells (left) and High F-

cells (right) in control (n=3) and patient (n=6) cells at normoxia and hypoxia at day 7 of phase II. 

*p<0.05. Wilcoxon paired test (F, H, K) and Mann-Whitney unpaired test (L). 

 

Figure 7: Relation between HbF intensity and HSP70 N/C ratio in F-cells using imaging flow 

cytometry. (A) A dot plot representing the modulation mask of HbF (x-axis) and mean pixel HbF values 

(y-axis) used to gate 7 cell subpopulations from Low to High F-cells. (B) Nonlinear hyperbola curve 

between HSP70 N/C ratio and HbF intensity per F-cell. 
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Induction of HbF by pomalidomide protects against cell death 

To confirm the anti-apoptotic role of HbF in SCD erythroblasts we induced its expression in 

vitro using pomalidomide (POM), an immunomodulatory drug previously shown to induce HbF 

during erythropoiesis (Dulmovits et al., 2016; Moutouh-de Parseval et al., 2008), and 

determined if higher HbF levels could rescue the cells from apoptosis. 

As we were interested in monitoring the stages during which hemoglobin is synthesized, POM 

was added at day 1 of phase II of culture. As expected, POM-treated SCD cultures showed 

higher percentages of F-cells than non-treated ones, reaching a mean of 62% in normoxia and 

79% in hypoxia at D7 of phase II, compared to 43% and 63.5%, respectively (Figure 8A, B). 

HbF induction by POM was associated with significantly lower apoptosis levels as compared 

to non-treated cultures under both hypoxia and normoxia (Figure 8C, D) resulting in improved 

proliferation rates in both conditions (Figure 8E). Moreover, there was no significant difference 

in the proliferation rate and the apoptosis levels between normoxic and hypoxic conditions of 

POM-treated cells indicating that the higher F-cell levels under hypoxia were not due to cell 

enrichment subsequent to a loss of non-F-cells. To gain further insight into the effect of POM 

on HbF induction we assessed the distribution of HbF within the F-cell population using 

imaging flow cytometry. We found less Low F-cells and more High F-cells in the presence of 

POM (Figure 8F) indicating that POM has a central effect increasing both the percentage of 

cells expressing HbF and HbF levels within each F-cell. Finally, and as expected, higher 

percentages of F-cells in the presence of POM were associated with decreased percentages of 

PLA-positive cells (data not shown), indicating re-localization of HSP70 to the nucleus in these 

conditions. 
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Figure 8: Effect of pomalidomide on terminal erythroid differentiation of SCD erythroblasts. (A) 

Flow cytometry plots showing the percentage of F-cells at day 5, 7, 9 and 11 of phase II in patient 

erythroblasts under normoxia (PN), hypoxia (PH), normoxia with POM (PNP) and hypoxia with POM 

(PHP). (B) Percentage of F-cells in PN, PNP, PH and PHP measured at day 5, 7, 9 and 11 (n=3). (C) 

Flow cytometry plots showing percentage of Annexin V-positive cells at day 5, 7, 9 and 11 of PN, PH, 

PNP and PHP. (D) Percentage of apoptotic cells measured by flow cytometry in PN, PH, PNP and PHP 

at day 5, 7, 9 and 11 (n=3). (E) Proliferation curves of the 4 different culture conditions: PN, PH, PNP 

and PHP. (F) Percentage of High F-cells (left) and Low F-cells (right) of erythroblasts at day 7 of phase 

II in cultures non-treated and treated with POM.
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Ineffective erythropoiesis has been previously suggested to be a feature of SCD (Blouin et al., 

1999; Finch, Lee, & Leonard, 1982; Hasegawa et al., 1998; Wu, C. J. et al., 2005) but it has not 

been critically evaluated and demonstrated. Our present findings provide direct evidence of 

ineffective erythropoiesis in SCD patients, with significant cell death occurring at the late stages 

of terminal differentiation in vivo. 

Among previous reports, the study by Wu and collaborators has highlighted abnormalities 

during erythropoiesis of transplanted SCD patients by showing intramedullary loss of SCD 

erythroblasts with progressive maturation (Wu, C. J. et al., 2005). Their results showing relative 

enrichment of donor erythroid precursors at the onset of hemoglobinization are in accordance 

with our results showing significant cell death between the polychromatic and the 

orthochromatic stages, stages at which cellular HbS concentration reaches sufficiently high 

levels to form polymers under partial hypoxia. Our in vivo data document the occurrence of 

ineffective erythropoiesis in non-transplanted SCD patients, in the absence of conditioning and 

exogenous donor-related factors that can impact the hematopoietic niche and interfere with the 

survival of patient’s erythroblasts. 

Our findings also revealed a new role for HbF in SCD by showing that it protects a 

subpopulation of differentiating erythroblasts from apoptosis, both in vivo and in vitro. HbF is 

a known modulator of disease severity in SCD as it inhibits HbS polymerization at the 

molecular level, preventing or attenuating RBC sickling and alleviating disease complications 

(Powars, Weiss, Chan, & Schroeder, 1984; Sewchand, Johnson, & Meiselman, 1983). In 

healthy adults, HbF accounts for less than 1% of total hemoglobin and is restricted to a small 

subset of RBCs (2%) called F-cells (Boyer et al., 1975; Wood, W. G. et al., 1975). In SCD, the 

expression of HbF is higher than in healthy individuals and varies considerably among patients. 

Although the reasons of this increased expression of HbF are not completely elucidated, stress 

erythropoiesis and preferential survival of F-cells in the circulation are well-documented 
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contributing factors (Dover et al., 1978; Franco et al., 2006; Stamatoyannopoulos et al., 1985). 

Our findings imply that high HbF levels not only increase survival of circulating red cells but 

also play a role in the preferential survival of erythroblasts under physiologically relevant 

hypoxic conditions in the bone marrow. 

Pomalidomide (CC-4047) is an FDA-approved third-generation immunomodulatory drug, 

developed to achieve increased antimyeloma activity with reduced side effects compared with 

thalidomide (Bartlett, Dredge, & Dalgleish, 2004; Dimopoulos, Richardson, Moreau, & 

Anderson, 2015; McCurdy & Lacy, 2013). It has recently been shown to induce HbF expression 

in vitro in human CD34+ progenitor cells (Moutouh-de Parseval et al., 2008), and in vivo in the 

Townes’ knockout humanized SCD mouse model (Meiler et al., 2011), and to exert this effect 

by a transcriptional reprogramming of erythroid progenitors (Dulmovits et al., 2016). Our 

findings clearly showed that in vitro induction of HbF by POM rescues SCD erythroblasts from 

cell death and improves their differentiation and suggest that POM may improve erythropoiesis 

in SCD patients, which is in accordance with the study showing improved efficiency of 

erythropoiesis in vivo in SCD mice treated with POM (Meiler et al., 2011). 

From a mechanistic perspective, our data suggest that apoptosis of non-F-cells is due to the 

sequestration of HSP70 in the cytoplasm. HSP70 is a chaperone protein that plays an important 

role during erythropoiesis by protecting GATA-1 from cleavage by caspase-3 in the presence 

of Epo (Ribeil et al., 2007). Its cytoplasmic sequestration within  globin aggregates was 

demonstrated in erythroblasts of patients with β thalassemia major (β-TM) (Arlet et al., 2014). 

Similar to β-TM, SCD erythroblasts showed increased apoptosis under normoxia as compared 

to control, but only starting from day 7 of culture when there is significant increase in globin 

synthesis. However, hypoxia induced significant cell death in these cells after only 2 days of 

incubation suggesting the involvement of HbS polymerization in this phenomenon as no such 

death was seen in control. In contrast to β-TM where HSP70 can be trapped in the cytoplasm 
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as soon as  globin chains are expressed, the molecular event that initiates such trapping in 

SCD, i.e. HbS polymerization, occurs only in cells with high cellular concentration of HbS, 

required for polymer formation. This is in accordance with the absence of cell death in the early 

stages during which the intracellular concentration of hemoglobin is low. We showed that low 

levels of HbF are less protective against cell death, probably because they are not sufficiently 

effective in inhibiting HbS polymerization because intracellular HbF concentration needs to 

reach a minimal threshold to exert its protective polymer-inhibiting effect as reported in 

circulating RBCs (Noguchi et al., 1983). Nevertheless, we show that physiologic hypoxia does 

not lead to exclusive selection of F-cells, as significant amounts of cells with no HbF still 

complete terminal erythroid differentiation both in vitro and in vivo. Further investigations are 

needed to finely address the biological mechanisms underlying this observation and the 

commitment of erythroid progenitors to the F lineage in SCD. 

Finally, our study brings to light the importance of applying partial hypoxia during the second 

phase of erythroid differentiation in vitro in order to mimic the SCD in vivo conditions. To our 

opinion, this parameter together with the proliferation rate and the percentage of apoptotic cells 

during the differentiation stages are a critical tryptic that should be considered for the studies 

exploring the beneficial impact of therapeutic approaches targeting HbS polymerization in SCD 

such as HbF induction (Antoniani et al., 2018; McArthur et al., 2019; Paikari & Sheehan, 2018), 

anti-sickling molecules such as Voxelotor (Vichinsky et al., 2019) or gene therapy aiming at 

expressing a therapeutic β globin (Ribeil et al., 2017). Our findings suggest that such strategies, 

initially designed to improve red cell survival in the circulation, would also positively impact 

erythropoiesis and bone marrow cellularity. 

In summary, our study supports the occurrence of ineffective erythropoiesis in SCD and 

suggests that its specific targeting by therapeutic strategies will have significant clinical 

benefits. Most importantly, it shows that HbF has a dual beneficial effect in SCD by conferring 
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a preferential survival of F-cells in the circulation and by decreasing ineffective erythropoiesis. 

These findings thus bring new insights into the role of HbF in modulating clinical severity of 

anemia in SCD by both regulating red cell production and red cell destruction.
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Biological samples 

The study was conducted according to the declaration of Helsinki with approval from a medical 

ethics committee (GR-Ex/CPP-DC2016-2618/CNILMR01). Blood bags from SCD patients 

enrolled in an exchange transfusion program, bone marrow aspirates from 3 SCD patients 

undergoing surgery and bone marrow tissues from 3 non-anemic donors undergoing 

hip/sternum surgery, were obtained after informed consent, from Necker-Enfants Malades 

Hospital (Paris, France) and the North Shore-LIJ Health System (New York, USA) under 

institutional review board (IRB) approval. Control blood bags from healthy donors were 

obtained from the Etablissement Français du Sang (EFS). 

Antibodies and fluorescent dies  

BV421-conjugated anti-glycophorin A (GPA), APC-conjugated anti-CD49d, FITC- or PE-

conjugated anti-HbF, APC-conjugated CD36 mouse monoclonal antibodies were obtained from 

BD Biosciences. The PE-conjugated anti-Band 3 mouse monoclonal antibody (PE-BRIC6) was 

obtained from Bristol Institute for Transfusion Sciences. FITC-conjugated anti-HSP70, anti-

Lamin A/C and anti-α hemoglobin mouse monoclonal antibodies were obtained from Santa 

Cruz. Hoechst33342 was obtained from Life Technologies; Hoechst34580, Fixable viability 

stain 780 (FVS), 7-Aminoactinomycin D (7AAD) and PE-conjugated Annexin V were obtained 

from BD Biosciences. Rabbit anti-Hsp70/Hsp72 polyclonal antibody was obtained from Enzo 

Lifesciences. Mouse HRP anti-actin monoclonal antibody was obtained from Santa Cruz. Anti-

rabbit and anti-mouse IgG, HRP-linked secondary antibodies were purchased from Cell 

Signaling. Goat anti-rabbit Alexa 633 and Alexa 488 secondary antibodies were obtained from 

Invitrogen. DAPI Fluoromount – G mounting media was obtained from Southern Biotech. 
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In vitro differentiation of human erythroid progenitors 

Peripheral blood mononuclear cells were isolated from blood samples after pancoll 

fractionation (PAN Biotech). CD34+ cells were then isolated by a magnetic sorting system 

(Miltenyi Biotec CD34 Progenitor cell isolation kit) following the supplier protocol. CD34+ 

cells were placed in an in vitro two-phase liquid culture system, as previously described (Fibach 

et al., 1989; Reihani et al., 2016). During the first phase, cells were expanded for 7 days in a 

medium containing 100 ng/ml of human recombinant (hr) interleukin (IL)-6 (Miltenyi Biotec), 

10 ng/ml of hr IL-3 (Miltenyl Biotec) and 50 ng/ml hr stem cell factor (SCF) (Miltenyi Biotec) 

in Iscove’s Modified Dulbecco’s Medium IMDM (Gibco) supplemented with 15% BIT 9500 

(Stem Cell Technologies), 100 U/ml Penicillin Streptomycin (Gibco) and 2 mM L-Glutamine 

(Gibco). On day 7, cells were harvested and cultured for 11 days with the second phase medium 

[10 ng/ml hr IL-3, 50 ng/ml hr SCF, and 2 U/ml of erythropoietin (EPO)]. At day 3 of phase II, 

cell suspensions were split into 2 and one half was cultured under partial hypoxia (5% O2) until 

day 11 while the other was cultured at normoxia. Cells were diluted at 5x105 cells/ml at day 3, 

5, 7, 9 and 11 of phase II. 

For cultures treated with pomalidomide, cells were incubated with 1µM pomalidomide (Sigma 

- Aldrich) as previously described (Dulmovits et al., 2016), starting from the day 1 of phase II. 

Imaging Flow Cytometry analysis of human bone marrow samples 

Bone marrow samples were processed as previously described (Hu et al., 2013). For bone 

marrow samples from SCD patients, mononuclear cells were fixed with PBS 1% formaldehyde 

(Sigma - Aldrich), 0.025% glutaraldehyde (Sigma - Aldrich) for 15 min, washed twice with 

PBS, permeabilized with 0.1 M Octyl β-D-Glucopyranoside (Sigma - Aldrich) for 15 min and 

saturated in PBS, 1% BSA, 2% goat serum for 30 min. Cells were then stained for GPA, CD49d, 

Band 3 and HbF for 30 min in the dark. Cells stained with the isotype control antibodies were 

used as a negative control. Compensation was performed using BD Biosciences compensation 
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beads following the supplier instructions. Samples were then analyzed using the Imagestream 

ISX MkII flow cytometer (Amnis Corp, EMD Millipore) and the INSPIRE software version 

99.4.437.0. Acquired data was analyzed using IDEAS software version 6.2 (Amnis Corp, EMD 

Millipore).  

Flow cytometry 

For all the following stainings, cells were analyzed using a BD FACScanto II flow cytometer 

(BD Biosciences) and acquired using the Diva software version 8 (BD Bioscienes). Data was 

analyzed using FCS Express 6 software (DeNovo Software). 

Surface marker staining 

In vitro cultured cells were stained for surface expression of GPA, Band 3 and CD49d at day 3, 

5, 7, 9 and 11. Briefly, 105 cells were suspended in 20 µl of PBS supplemented with 0.5% of 

bovine serum albumin (BSA), incubated with fluorescence-conjugated antibodies for 30 min in 

the dark, washed twice with PBS, 0.5% BSA before incubation with 7AAD for 5 min prior to 

analysis. 

Enucleation analysis 

Cells (105) were washed once with PBS, stained with 1 µg/ml Hoechst34580 for 45 min at 

37°C, washed twice with PBS, 0.5% BSA and incubated with anti-CD36 antibody for 30 min 

in the dark. Cells were then washed twice with PBS, 0.5% BSA and analyzed. 

Apoptotic cells 

Cells were stained with PE-conjugated Annexin V to measure the percentage of apoptotic cells. 

Briefly, 105 cells were washed once with Annexin buffer, resuspended in 25 µl of the same 

buffer and stained with 2.5 µl of PE-conjugated Annexin V for 20 min in the dark. Samples 

were then diluted with 200 µl of Annexin buffer prior to analysis. 
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HbF and HSP70 staining 

Cells were stained with a fixable viability stain (FVS) at a dilution of 1/1000 for 20 min in the 

dark, washed twice with PBS then fixed with 1% formaldehyde, 0.025% glutaraldehyde in PBS 

for 15 min. Cells were then washed twice with PBS, permeabilized in 0.1 M Octyl β-D-

Glucopyranoside for 15 min and saturated in PBS, 1% BSA, 2% goat serum for 30 min. Cells 

were then stained with anti-HbF and/or anti-HSP70 and anti-GPA antibodies for 30 min in the 

dark, washed twice and analyzed. Hoechst33342 nucleus dye was added before analyzing the 

cells with imaging flow cytometry. 

Cytospin 

Cytospin was performed using 105 cells. Cells were washed twice with PBS and spun on slides 

using the Cytospin 2 centrifuge (Shandon). Slides were stained with May-Grunwald-Giemsa 

(MGG) following manufacturer’s instructions (Sigma - Aldrich). Slides were then washed with 

deionized water and left to dry. Slides were covered by a coverslip using the EUKITT classic 

(O. Kindler ORSA Tech). Cells were imaged using an inverted microscope (Leica DM6000 B) 

with a 20x/0.4 HCX PL FLUOTAR, equipped with a DFC300 FX color camera. Analysis was 

performed using the ImageJ software. 

Cell fractionation and Western blot 

Cytoplasmic and nuclear protein fractions were extracted from erythroblasts at day 7 of phase 

II using the NE-PER nuclear and cytoplasmic kit (Thermo Scientific). Ten µg of nuclear and 

cytoplasmic proteins were analyzed by SDS-PAGE, using 10% polyacrylamide gels, followed 

by immunoblotting. The antibodies used were rabbit anti-HSP70, mouse anti-actin and mouse 

anti-lamin A/C as a control for the nuclear extract. Proteins were revealed using ECL clarity 

(Biorad) and the Chemidoc MP imaging system (Biorad). Analysis was performed using Image 

Lab (Biorad). 
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Confocal Microscopy and Proximity Ligation Assay 

Cells (105) from day 7 of phase II were washed and fixed with 1% formaldehyde, 0.025% 

glutaraldehyde for 15 min, treated with 50 mM NH4Cl (Sigma - Aldrich) for 10 min and washed 

twice with PBS. Cells were then permeabilized with 1% β-D-glucopyranoside (Sigma - Aldrich) 

for 15 min, incubated with a saturation solution (1% BSA and 2% goat serum) overnight then 

with rabbit anti-Hsp70/72 and mouse anti-α hemoglobin (sc-514378 Santa Cruz) for 1 hour at 

room temperature. After 3 washes with PBS, cells were incubated with goat anti-rabbit Alexa 

633 and goat anti-mouse Alexa 488 for 45 min at room temperature, or the PLA secondary 

antibodies (see below). After a final washing step, cells were spun onto slides and mounted with 

DAPI. Acquisition was made on LSM700 Zeiss confocal microscope using Zen software. 

Analysis was performed using Fiji (Schindelin et al., 2012). Fields were selected with respect 

to cell size, as the smallest cells are the most differentiated. DAPI positive staining was used to 

define the nuclear region of interest (ROI) and α-globin staining was used to identify the 

cytoplasmic region. ROI masks were then applied using image calculator to eliminate the 

nuclear region. Colocalization was quantified using JACoP plugin to calculate the Pearson’s 

correlation coefficient (Bolte & Cordelieres, 2006). Thirty cells were analyzed per experiment. 

Proximity ligation assay was performed using the Duolink flow PLA Detection Kit – FarRed 

(Sigma - Aldrich). Cells were incubated with oligonucleotide-conjugated secondary antibodies 

(PLA probe PLUS anti-mouse and PLA probe MINUS anti-rabbit) for 1 hour at room 

temperature. Ligation and amplification steps were performed according to the manufacturer’s 

guidelines. For imaging flow cytometry, all incubations were performed with cells in Eppendorf 

tubes. 
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Statistics 

Statistical analyses were performed with GraphPad Prism (version 7). The data was analyzed 

using the Mann-Whitney unpaired test and Wilcoxon paired test, as indicated in the figure 

legends.
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First, this work has brought new insights into spleen function and the role of fetal hemoglobin 

in sickle cell disease. Our study in a cohort of infants demonstrates that flow cytometry analysis 

of %HJB-RBCs alone may accurately reflect spleen filtration function in very young SCA 

children. We also show that splenic loss of function is present very early in life at 3-6 months 

of age in SCA infants, further declines and is unrelated to spleen volume. Moreover, 

hyposplenism results from both RBC increased adhesive properties and, critically, loss of 

deformability. We also highlighted that ISCs are a potential contributor to ASS, which in turn 

results in further loss of splenic function.  

The second part of this work presents an original approach to determine HbF distribution per 

cell. Using our innovative microfluidics device, we show that a critical amount of HbF per cell 

is essential to protect RBCs from hemolysis by mechanical stress. Our longitudinal cohort of 

patients treated with HC shows that HC has a global positive impact on red cells, by not only 

increasing HbF content but also by increasing the volume of all RBCs independently of HbF. 

We moreover show that High F-cells are a more precise marker of HC efficacy and can be 

considered as a potential clinical marker for disease severity. 

In the last part of this thesis, we show for the first time clear evidence of ineffective 

erythropoiesis in SCD and reveal a new role of HbF during terminal erythropoiesis protecting 

erythroblasts from apoptosis. Erythroblast cell death was associated with the sequestration of 

HSP70 in the cytoplasm and was reverted when HbF was induced in these cells. These findings 

imply that beneficial effects on anemic phenotype by increased HbF levels is not only due to 

increased life span of circulating sickle cells but also to decreased ineffective erythropoiesis. 

In conclusion, my thesis shows that HbF has an additional beneficial effect in SCD by not only 

conferring a preferential survival of F-cells in the circulation but also by decreasing ineffective 

erythropoiesis. Importantly, it suggests that the so termed “delayed” hemoglobin switch in SCD 
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might be partly due to an enrichment in F-erythroblasts during terminal erythroid differentiation 

occurring very early in infancy, shortly after birth. 

My work opens new perspectives in the SCD field: 

First, it would be interesting to perform longitudinal prospective studies to evaluate our newly 

proposed markers, i.e. ISCs and High F-cells in relation with disease severity in children and 

adults with SCD. 

Second, our results on HbF distribution both in circulating RBCs and in late erythroblasts point 

to the percentage of F-reticulocytes, particularly F-R1, and to the expression level of HbF in 

these cells, as a potential marker of ineffective erythropoiesis in SCD. A longitudinal study has 

recently started in the laboratory to assess the kinetics of F-reticulocytes in SCD children and 

adults over a 2-year period, together with markers of anemia such as percentage and absolute 

count of reticulocytes, hematocrit and hemoglobin levels. 

Finally, there are several fundamental research perspectives to further explore erythroid 

differentiation in SCD as well as reticulocyte maturation. This includes the study of enucleation 

and organelle sorting in relation with bone marrow hypoxia and the generation of stress 

reticulocytes with a specific protein content. Furthermore, the high levels of erythroblast 

apoptosis that we have measured in vivo might impact the erythroblastic island and it would be 

interesting to assess the function and phenotype of the central macrophage in these patients.
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A novel non-invasive method to measure splenic 
filtration function in humans 

 
 

The detection of red cells with Howell-Jolly  bodies and 
liver-spleen scintigraphy scanning are the currently used 
methods to assess splenic filtration function. The former 
is time-consuming, user-dependent and quantita- tive. 
The latter is semi-quantitative but uses radioactive 
material in an invasive, laborious manner. Here, we 
developed an automated, high-throughput, non-invasive 
and low-cost method to measure splenic filtration func- 
tion accurately using flow cytometry. 

Loss of splenic function results in short- and long-term 
potentially life-threatening complications including sus- 
ceptibility to infections by encapsulated bacteria and 
thromboembolic events.1,2 Increasing evidence points to 
the need to preserve splenic function in various situa- 
tions such as post-traumatic spleen injury, pancreatic 
neoplasia and hemolytic anemias. Adequate measure- 
ments of the residual function of the spleen are, there- 
fore, crucial. 

Howell-Jolly bodies (HJB) are 1 m DNA inclusion 
bodies that are the consequence of cytogenetic damage. 
In healthy individuals, HJB-containing red blood cells 
(RBC) are found at very low frequency as HJB are cleared 
efficiently by the spleen. The spleen is a distinctive 
adapted lymphoid organ that serves as the largest filter of 
blood in the human body. The spleen comprises two 
critical structures: (i) the white pulp, containing the 
immune effector cells and (ii) the red pulp, composed of 
splenic sinuses and pulp cords that form a filtering struc- 
tural entity.3 RBC flowing in the pulp cords are forced to 
deform and squeeze through narrow inter-endothelial 
slits in order to enter the venous circulation. During this 
process intracellular inclusions, such as HJB or parasites, 
are removed from the RBC, a phenomenon known as 
pitting.4,5 Identification of HJB in the circulation conse- 
quently serves as an indicator of altered splenic filtration 
function.6,7

 

To date, the gold standard for assessing splenic func- 
tion remains liver-spleen scintigraphy scanning. This 
technique provides a qualitative and/or semi-quantita- 
tive measurement of splenic function by evaluating the 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1. Detecting Howell-Jolly bodies 
using imaging flow cytometry. (A) 
Histogram representing the intensity of 
Hoechst staining in a splenectomized indi- 
vidual. (B) Images from imaging flow 
cytometry distinguishing three categories 
of cells: (i) RBC with HJB-like spots, (ii) RBC 
bound to Hoechst-positive particles and 
(iii) Hoechst-positive particles. (C, D) 
Graphs representing the percentage of 
HJB-RBC determined by the classical blood 
smear technique and imaging flow cytome- 
try in (C) 10 splenectomized individuals 
(unpaired t test, P=0.07) and (D) 11 adults 
with sickle cell disease (Wilcoxon test, 
P=0.057) (NS: non-significant). (E) 
Graphical representation of the percent- 
age of HJB-RBC determined by imaging 
flow cytometry in 20 patients with a splenic 
uptake of 100-50% and seven patients 
with a splenic uptake of 50-0% (Mann- 
Whitney test, P<0.0001). MGG: May- 
Grunwald Giemsa, IFC: imaging flow cytom- 
etry. 
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splenic uptake of either heat-denatured RBC or nano- colloids, 
labeled with technetium-99m.8 Although these techniques 
have proven reliable, they are time-consum- ing, invasive and 
not readily available. The classically used method for assessing 
splenic dysfunction is, there- fore, quantification of HJB-
containing RBC by May- Grünwald Giemsa staining on blood 
smears. The per- centage of HJB-containing RBC is evaluated 
by counting 100-200 RBC under the microscope; the result is 
deliv- ered as %HJB, a percentage higher than 1% reflecting 
loss of splenic function. This method is user-dependent and 
may be faulty because of the small number of count- ed cells. 
Another similar, commonly used method is to count “pitted” 
erythrocytes by interference contrast microscopy.9 Spleen 
dysfunction does, however, occur gradually in many 
pathological conditions and is not accurately evaluated by a 
binary “filters/does not filter” state. A flow cytometry-based 
method using propidium iodide as a DNA dye to measure 
micronucleated reticu- locytes was reported in 199610 and later 
used in clinical studies to quantify HJB-containing RBC.11,12 As 
propidi- um iodide also stains RNA that is present in young 
RBC (reticulocytes), this method requires an efficient RNA 
digestion step to be accurate. In addition to issues 

regarding partial digestion, reticulocytes, which repre- 
sent 0.5-1% of circulating RBC in healthy individuals, can 
reach high percentages in pathological situations such as 
hemolytic anemias, including sickle cell disease (SCD) 
and hereditary spherocytosis, which increases the risk of 
including significant numbers of false-positive events. 

Here, we developed a simple non-invasive high- 
throughput technique based on flow cytometry to 
specifically detect HJB-containing RBC and precisely 
quantify their percentage in the circulation. To do so, we 
used blood samples from splenectomized individuals, 
patients with SCD, and healthy donors. SCD is an auto- 
somal recessive disease during which spleen injury occurs 
early in life due to vaso-occlusion caused by RBC sickling 
secondary to the polymerization of a mutated hemoglobin 
(HbS).13 The splenic dysfunction is associat- ed with 
considerable morbidity and mortality14, includ- ing life-
threatening acute splenic sequestration and an increased 
risk of infections. In SCD, the onset of spleen dysfunction 
occurs within the first years of life15 with the function 
decreasing thereafter to a state of complete loss, called 
auto-splenectomy. 

In our method, we stained the HJB using Hoechst dye 

 
 

 

A B 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 2. Relationship between %Hoechst-positive events and %HJB-RBC. (A) Linear regression relationship between %Hoechst-positive events (x) and %HJB- 
RBC (y) in 53 blood samples (y = 0.83x – 0.22). (B-D) Refinement of the linear regression according to three cut-offs of %Hoechst-positive events: (B) <0.5% 
(n=18) (y = 0.2x + 0.04), (C) 0.5-3.5% (n=14) (y = 0.73x – 0.15), and (D) >3.5% (n=21) (y = 0.76x + 0.78). Correlation (Pearson correlation coefficient) and 
linear regression, P<0.0001. 
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as this does not bind to RNA molecules. First, we used 
blood samples from splenectomized individuals to detect 
significant amounts of HJB-containing RBC (HJB-RBC). 
After removal of the buffy coat, the RBC were washed and 
incubated for 5 min in phosphate-buffered saline with 
Hoechst at 0.2%. RBC were analyzed with a stan- dard 
flow cytometer and percentages of Hoechst-posi- tive 
events were determined (Online Supplementary Table S1, 
Online Supplementary Methods). As the results indicat- ed 
high percentages of Hoechst-positive RBC, we repeat- ed 
this experiment using seven blood samples from healthy 
donors. All samples showed percentages higher than 1% 
(Online Supplementary Table S1) suggesting the 
presence of significant numbers of false-positive events. 
For further characterization, we used imaging flow 
cytometry and analyzed Hoechst-positive events in 
50,000 RBC (Figure 1A,B). We could distinguish three 
categories: (i) RBC with HJB-like spots, (ii) RBC bound to 
Hoechst-positive particles and (iii) Hoechst-positive par- 
ticles (Figure 1B). The Hoechst-positive particles were 
considered non-specific events, i.e. DNA released after 
lysis of neutrophils during the preparation steps, and 
were excluded using a combination of masks (Online 
Supplementary Figure S1A). This strategy markedly 
reduced the percentage of Hoechst-positive events in all 
blood samples (Online Supplementary Table S1) and all 
corresponding pictures thereafter showed RBC with HJB-
like spots. 

To validate this method, we compared the results with 
those obtained with classical May-Grünwald Giemsa 
staining in ten splenectomized individuals. HJB-RBC 
were counted manually within a total of 3,000 RBC 
(Online Supplementary Figure S1B). The results confirmed 
a robust correlation and therefore efficient gating and 
mask parameters to exclude false-positive events (Figure 
1C). This was also the case when comparing both meth- 
ods using blood samples from 11 adult patients with  SCD 
(P1-P11) (Figure 1D). 

We thereafter applied our imaging flow cytometry 
method to evaluate the percentage of HJB-RBC (%HJB- 
RBC) in 25 very young SCD children (P12-P36; age range, 
6-12 months) who underwent technetium-99m RBC 
splenic scintigraphy. Patients were divided into two 
groups according to their splenic uptake percentage: 
(100%-50%) and (50%-0%). The two groups displayed 
marked differences, with the (100%-50%) and (50%- 0%) 
groups showing medians of 0.35% and 2.98% HJB- RBC, 
respectively (Figure 1E). 

Because imaging flow cytometry is not a readily avail- 
able technology, we aimed at refining the standard flow 
cytometry method in order to allow accurate evaluation 
of %HJB-RBC. We determined %HJB-RBC by flow 
cytometry in the group of 53 individuals with various 
degrees of splenic function (36 SCD patients, 10 splenec- 
tomized individuals and 7 non-splenectomized healthy 
donors). The percentage of total Hoechst-positive events, 
determined by standard flow cytometry, was plotted 
against the percentage of HJB-containing RBC 
determined by imaging flow cytometry (Online 
Supplementary Table S1). We observed a robust linear 
regression between both parameters (Figure 2A), with the 
following equation: y = 0.83x - 0.22, where y is the 
%HJB-RBC and x the % of Hoechst-positive events gen- 
erated by flow cytometry. We further refined this equa- 
tion by dividing the 53 samples into three groups and 
generated three equations based on three cut-offs of 
Hoechst-positive events: < 0.5%, 0.5-3% and > 3% 
(Figure 2B-D). 

Monitoring spleen function has been neglected 

because the methods used are labor-intensive, such as 
counting pitted or HJB-positive RBC, or invasive, such as 
liver-spleen scintigraphy scanning. Here, we describe an 
automated, non-invasive technique for the sensitive 
detection and evaluation of splenic filtration dysfunc- 
tion. In contrast to the previously published flow cytom- 
etry technique, our method does not require cell fixa- 
tion, RNA digestion steps or sample shipment. Our tech- 
nique is simple and straightforward to implement in 
medical centers equipped with standard flow cytome- 
ters, thereby offering splenic function tests routinely. 
Such tests would be of great interest and might signifi- 
cantly affect the management and follow-up of patients 
with pathologies characterized by splenic injury, includ- 
ing SCD, thalassemia, red cell membrane disorders, celi- 
ac disease and cancer during chemotherapy. For 
instance, implementing our method in the early follow- 
up of children with SCD would play an important role in 
monitoring their infectious risk, a life-threatening conse- 
quence of this disease. 
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Abstract 

In order to identify very early prognostic factors that can provide insights into subsequent 

clinical complications, we performed a comprehensive longitudinal multi-center cohort study 

on 57 infants with sickle cell anemia (55 SS; 2 Sβ○) during the first 2 years of life 

(ClinicalTrials.gov: NCT01207037). Time to first occurrence of a severe clinical event—acute 

splenic sequestration (ASS), vaso-occlusive (VOC) event requiring hospitalization, transfusion 

requirement, conditional/ abnormal cerebral velocities, or death—was used as a composite 

endpoint. Infants were recruited at a mean age of 4.4 T1 months. Median follow-up was 

19.4 months. 

During the study period, 38.6% of infants experienced ≥1 severe event: 14% ASS, 22.8% ≥ 1 

VOC (median age: 13.4 and 12.8 months, respectively) and 33.3% required transfusion. Of note, 

77% of the cohort was hospitalized, with febrile illness being the leading cause for admission. 

Univariate analysis of various biomarkers measured at enrollment showed that fetal hemoglobin 
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A VOC event was defined as pain in the extremities, back, abdo- 

men, chest, or head for which no other explanation could be found. 

Pain medication based on paracetamol and non-steroid anti- 

inflammatory drugs was given at home as recommended. No opioid 

medication is available for infants outside hospital, following French 

legislation. ACS was defined as a new pulmonary infiltrate and at least 

three of the following findings: chest pain, temperature elevation 

above 38.5○C, tachypnea, wheezing or cough 8. Conditional or abnor- 

mal velocities on imaging TCD were defined by Time Averaged Mean 

Maximal Velocities >170 or 200 cm/s respectively in the middle cere- 

bral artery or internal carotid 9. Experienced pediatricians using a stan- 

dardized preformat for each study visit collected all clinical data. 

For each patient, complete blood counts and erythrocyte indices 

were determined using an Advia 120 Hematology System (SIEMENS, 

Germany). Dense cells were defined by MCHC >41 g/dL. for both 

reticulocytes and mature red blood cells.10 

Red cell deformability was assessed by osmotic gradient ektacyto- 

metry (Technicon) as previously described 11. The deformability Index 

(DI) is a measure of cellular deformability. The 0 min point in hypo- 

osmolar region of the curve corresponds to the osmolarity at which 

50% of the red blood cells hemolyse and reflects the surface area to 

volume ratio. A right shift in O min indicates a decrease in surface area 

to volume ratio, that is, increasing values indicate decreased area to 

volume ratio. The O0, the osmolarity in the hyper-osmolar region of 

the curve at which DI value is 50% of the DI max, reflects the hydra- 

tion state of the red cells 12. A left shift in O0 (lower values) indicates a 

decrease in cell volume accompanied by a rise in internal viscosity. 

HbF percentage was quantified by high performance ion-exchange 

liquid chromatography (HPLC) VARIANTnbs system (BioRad Labora- 

tories, Marnes La Coquette, France). Known and previously described 

erythroid adhesion markers 13 (CD239: Lu-BCAM, CD36, CD242: 

ICAM4,  CD49d:  α4β1,  CD44,  CD47,  CD58:  LFA3,  CD99,  CD108, 

CD147, CD151) were analyzed by flow cytometry on samples stored 

at −196○C at the Centre National de Référence pour les Groupes 

Sanguins, Paris. Genetic analysis was performed as follows: following 

DNA extraction (Flexigen DNA kit, ref: 51206, Qiagen Gmbh, 40724 

Hilden, Germany), beta globin locus and haplotypes were analyzed 14 

15. Beta globin haplotypes (Senegal, Benin, Central African Republic, 

Cameroon, and Atypical) were determined and categorized as previ- 

ously published 16. Favorable haplotypes were defined as Sen/Sen, 

Ben/Sen, Cam/Sen or Sen/Atyp; unfavorable haplotypes as Car/Car, 

Cam/Car, Car/Atyp or Ben/Car; while other haplotypes were catego- 

rized as intermediate. The most frequent deletional form of alpha thal- 

assaemia (3.7) was characterized as previously described 17. Regarding 

the genetic component of HbF production, the three major HbF 

genetic loci (HMIP- 2A, BCL11A, Xmn1-HGB2) 18 regulating HbF pro- 

duction and the recently defined genetic score of HbF in sickle cell 

disease g(HbF) 19 were analyzed in terms of effects of HbF production 

on clinical outcomes. F positive red blood cells (F-cells) were analyzed 

by flow cytometry and Imaging Flow cytometry, using a PE- 

conjugated HbF antibody (Life Technologies). Samples were pro- 

cessed using a BD FACS Canto II (BD Biosciences) and analysis was 

performed using DIVA software (BD Biosciences). Samples were also 

processed using ImageStreamX Mark II Imaging Flow Cytometer and 

analyzed using IDEAS 6.2 software. 

1.1 | Statistical analysis 

Data are presented as median [interquartile range] for all quantitative 

variables and with proportions for categorical variables. Time to first 

occurrence of a severe SCA-related event was used as a composite 

endpoint. Severe outcomes throughout the follow-up were visualized 

with the use of Kaplan-Meier curves, using the log-rank test to com- 

pare two groups. Patients lost to follow-up were censored at the date 

of last contact. Multivariate cox regression analysis was performed 

with the Cox regression model and Hazard Ratios (HRs) were calcu- 

lated with 95% Confidence Interval (CI). The proportional hazards 

assumption of the Cox regression models was tested and assessed 

with the Schoenfeld residuals for each variable. Post hoc analyses 

were further used to investigate on significant threshold values. Lon- 

gitudinal comparisons of SCA-related biomarkers between inclusion 

and 24 months of age were assessed using Wilcoxon signed-rank tests 

for paired data. All statistical tests were two-tailed and a p value of 

less than 0.05 was considered significant. Analyses of secondary 

endpoints were not adjusted for multiple comparisons, and should be 

interpreted as exploratory. All tests were performed using the R 

software (R development Core Team. A language and environment 

for statistical computing. Available from: http://www.R-project.org) 

version 3.3.2. 

 

 

2 | RESULTS 

 
2.1 | Study participants 

Between December 2010 and March 2013, 114 children with a neo- 

natal diagnosis of SCA were referred to five investigating centres in 

the Paris area. A total of 57 infants (SS n = 55; Sβ○ n = 2; 54.4% males) 

were included in the study and followed for a median of 

19.4 months (range 3.1-23.2). Two infants dropped out at 6 months 

because parents withdrew their consent and two were lost to follow 

up at 6.6 and 7.9 months respectively. 

 
3.2 | Patient characteristics at inclusion 

Major clinical, genetic and biological characteristics at inclusion are 

summarized in Table 1 and Supporting Information Table 1. 

Median age at inclusion was 4.4 months [3.4-5.2]. A history of a 

medical event was reported in 9 (16%), including prior hospitalization 

in 5 (8.5%). Only one event however was related to SCA (dactylitis), 

other events were infectious (bronchiolitis n = 2; isolated fever n = 1, 

diarrhea n = 1). Growth parameters were normal: 6.6 kg [5.8-7.6], 

61.5 cm [60.2-65] and no child had a Z score < 2 SD for body mass 

index for age.. None had a palpable spleen and clinical examination 

was unremarkable. 

Eighteen patients (32.1%) had coexisting heterozygous α-

thalassemia due to the deletional variant α −3.7. A balanced distribu- 

tion of β-globin haplotype categories was found with around 1/3 of 

patients in each of the favorable, unfavorable and intermediate cate- 

gories. Percentage of F + cells and HbF % or concentration correlated 

strongly with each other (data not shown). Likewise, the genetic HbF 

score showed a good correlation with HbF measures (rho = 0.46, 
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TABLE 1 Main clinical and biological characteristics at enrollment 
 

Age (months) median [IQR] 4.4 [3.4–5.2] 

Sex ratio (M/F) % 54.4 

Genotype n (%)  

SS 55 (96.5) 

Sß ○ 2 (3.5) 

Hemoglobin (g/dL) 9.2 [8.4-9.9] 

Mean cell volume (MCV) (fl) 72 [67-75.5] 

Mean hemoglobin content (MHC) (pg/cell) 25.4 [23.5-26.6] 

Mean corpuscular hemoglobin concentration 

(MCHC) (g/dL) 

35.3 [34.5-35.8] 

Platelets (× 109 /L) 395 [341.5-518] 

Absolute leucocyte count (× 109/L) 8.9 [7.8-10.8] 

Absolute neutrophil count (× 109/L) 1.8 [1.5-2.3] 

Absolute lymphocyte count (× 109/L) 6.2 [4.9-7.8] 

Absolute reticulocyte count (× 109/L) 133 [99.2-199.2] 

HbF (g/dL) 3.8 [3-4.7] 

HbF (%) 42 [35-50.5] 

Total F-cells (%) 88.8 [80.7-94.2] 

g (HbF) score 2.2 (1.9-2.6) 

Maximum elongation index 0.4 [0.4-0.4] 

O min (mOs/kg) 104 [94-113.5] 

O0 or hyper (mOs/kg) 306 [295.5-316] 

Total dense cells (%) 22.7 [17-28.6] 

Dense mature cells (%) 23.6 [17.6-30.9] 

Dense reticulocytes (%) 10.2 [7.5-14.2] 

g (HbF): genetic score for HbF; 

 

P = 0.001) with BCL11-A rs 1427407 as the major determinant (data 

not shown). 

There was an early alteration of deformability parameters (low DI, 

O min and O0) in this young cohort, when compared to normal con- 

trols 12 and a substantially elevated % of both the dense reticulocyte 

and mature red cell sub populations. A specific profile of expression of 

erythroid markers on reticulocytes and mature red cells was noted 

and is detailed in the paragraph “Analysis of longitudinal data”. 

 
3.3 | Clinical course in infancy 

Altogether, 22 (38.6%) patients developed at least one severe SCA- 

related outcome. Figure 1 Panel A shows the Kaplan Meier estimate 

of the 24-month event-free rate, which was 54.4% (95% CI, 39.7 to 

74.5%). Figure 1 Panels B and C show the 24-month ASS-free and 

VOC-free rates, respectively. VOC events occurred in 13 infants 

(22.8%) during the course of the study, at a median age of 12.8 months 

[11.5-16.7] for the first episode, with 6 experiencing >2 episodes. 

Regarding ASS, 8 (14%) infants experienced at least one episode, at a 

median age of 13.4 months [9.7-14.3] and five of which experienced 

one recurrence during the study period. None had more than two epi- 

sodes but four were regularly transfused after the second episode 

according to our protocol 20. Regarding transfusion, 19 infants (33.3%) 

required at least one transfusion with 10 (17.6%) requiring more than 

two, including the four children on a regular transfusion program for 

the prevention of ASS. Only one infant presented a conditional TCD 

before 2 years of age, none had an abnormal TCD nor experienced a 

 

 
 

FIGURE 1 Kaplan-Meier event-free survival curve with 95% 

confidence interval (area). (A) Time to first occurrence of one of the 

following event was used as a composite endpoint: Acute splenic 

sequestration, vaso-occlusive event requiring hospitalization, 

transfusion, conditional or abnormal TCD. (B) Time to first occurrence 

of acute splenic sequestration (ASS) (C) time to first occurrence of 

vaso-occlusive (VOC) event 
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stroke. No infant experienced ACS. No infant died. No infant was 

started on hydroxycarbamide, in line with European authorization 

licensing the drug in SCA for only children over 2 years. 

The first severe SCA-related event in the cohort occurred at a 

median age of 10.4 months (3.5-24.4). It was a VOC event for eight 

infants (36.4%), an ASS for 3 (13.6%) and a transfusion requirement 

for 11 (50%). 

During the course of the study, 44 (77%) infants required 157 hos- 

pital admissions. Median number of hospitalizations was two (range 

1-12) per child with 32 (72.7%) experiencing more than one event. Of 

note, first cause of admission was a febrile illness in 31 infants   (63 

cases), with a median of 2 (range 1-8) hospitalizations per child but 

no invasive pneumococcal infection was noted. A focal infection (ie, 

pyelonephritis, pulmonary infection, gastro intestinal infection) was 

reported in 15 cases. In the remaining 48 cases, febrile illness was 

attributed to a viral cause (in four cases with an identified virus and 

presumably viral in the remaining cases). VOC and ASS-related admis- 

sions involved 19 patients (38 cases) with a median number of hospi- 

talizations of 2 (range 1-6). Hospitalization with anemia as the only 

cause of admission was reported in 10 cases. The remaining causes of 

admission included general pediatric reasons mostly unrelated to SCA 

(intussusception, inguinal hernia, low weight gain, other). 

 
3.3 | Early prognostic factors of disease severity 

Clinical, genetic and biological parameters at enrollment (4 months) 

were analyzed for their prognostic value and the results are summa- 

rized in Table 2: 

 

When combining all severe outcomes, univariate analysis of data 

at enrollment showed that the most powerful protective factor was 

increased HbF levels, whether in % or concentration (P < 0.001) or F- 

cells % (P < 0.05). Furthermore, protective thresholds of HbF levels 

were identified: HbF% >33.5% on enrollment, the hazard ratio (95% 

CI) for an adverse event was 0.24 (0.09-0.58) (P < 0.001), and HbF 

concentration >2.8 g/dL (HR (95% CI) = 0.11 (0.04-0.27), P < 0.001). 

Likewise, high percentage of F-cells was protective with a threshold 

of 80% positive cells. Factors negatively influencing outcome were a 

low level of  Hb  (P < 0.001),  high  MCV  (P = 0.027),  low  MCHC (P 

= 0.014) and unfavorable β-globin haplotypes (Car/Car; Ben/Car) (P 

= 0.017). Of note, Hb and MCHC were expectedly interrelated. 

In a multivariate analysis, Hb level > 8 g/dL and HbF > 33.5% 

proved to be two independent protective prognostic factors against a 

SCA-related severe event (adjusted HRs (95%CI) 0.27 (0.11-0.73) and 

0.16 [0.06-0.43], respectively, Figure 2). Although absolute reticulo- 

cyte count (ARC) was inversely correlated to Hb concentration (rho = 

−0.55, P < 0.001) and to HbF % (rho = −0.40, P = 0.003), it was not 

predictive of a severe outcome. Likewise, absolute neutrophil count, 

level of expression of potentially important erythroid adhesion 

markers (CD36,  CD 239:  Lu/B-CAM, CD242: ICAM-4/LW),  %   of 

dense red cells, or deformability parameters failed to predict overall 

severity in this very young cohort. 

 

3.4.1 | Early prognostic factors of ASS 

Univariate analysis showed that higher HbF (whether in % or concen- 

tration) was the strongest protective parameters for ASS (P < 0.001) 

with a significant threshold of 33.5% or 2.8 g/dL, respectively. 

 
TABLE 2 Univariate analysis of potential prognostic markers at 4 months of a SCA-related severe event occurring before 2 years: ASS, 

vaso-occlusive event (VOC or ACS), transfusion, conditional or abnormal velocities and death 
 

 HR (95% CI) P value 

Hemoglobin (g/dL) 0.49 (0.33-0.74) P < 0.001 

Mean cell volume (MCV) (fl) (MCV) (fl) 1.09 (1.01-1.17) P = 0.027 

Mean Hemoglobin content (MHC) (pg/cell) 1.14 (0.94-1.38) P = 0.17 

Mean corpuscular hemoglobin 

concentration (MCHC) (g/dL) 

0.71 (0.55-0.93) P = 0.0026 

Platelets (× 109 /L) 1 (0.9-1) P = 0.99 

Absolute leucocyte count (× 109/L) 1.07 (0.94-1.22) P = 0.32 

Absolute neutrophil count (× 109/L) 1.18 (0.73-1.9) P = 0.48 

Absolute lymphocyte count (× 109/L) 0.98 (0.92-1.05) P = 0.60 

Absolute reticulocyte count (× 109/L) 1 (0.99-1.01) P = 0.07 

HbF (%) 0.93 (0.9-0.97) P < 0.0001 

HbF (g/dL) 0.33 (0.17-0.63) P < 0.0001 

F-cells 0.97 (0.95-0.99) P = 0.031 

HbF genetic score 0.18 (0.01-1.89) P = 0.15 

Maximum elongation index 1.32 (0.59-2.91)1 P = 0.49 

O0 or hyper (mOs/kg) 1.01 (0.99-1.04) P = 0.22 

O min (mOs/kg) 1 (0.98-1.02) P = 0.95 

Total dense cells (%) 1 (0.96-1.04) P = 0.93 

Dense mature cells (%) 1 (0.97-1.04) P = 0.82 

Dense reticulocytes (%) 0.98 (0.92-1.04) P = 0.55 

Unfavorable haplotype 4.73 (1.31-17.1) P = 0.017 

CI confidence interval; 1HR for 0.1-unit increase. 
Unfavorable haplotype: Cam/Car; Car/Car; Car/Ben; Car/Atyp. 
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FIGURE 2 Kaplan-Meier event-free survival curves. (A) Survival curve 

by Hb concentration below (red) or above (blue) the threshold value 

of 8 g/dL. (B) Survival curve by HbF level below (yellow) or above 

(blue) the threshold value of 33.5%. P-value is derived from log- 

rank test [Color figure can be viewed at wileyonlinelibrary.com] 

 
 

Likewise, higher percentage of F-cells protected from the occurrence 

of ASS (P = 0.003). There was no association between the genetic 

score for HbF and the occurrence of ASS. Importantly, other bio- 

markers including ARC, % dense red cells (whether mature red cells or 

dense reticulocytes), ektacytometry parameters, percentage of 

expression of adhesion markers failed to be specific prognostic factors 

for ASS. Likewise, co inheritance of α-thalassemia or β-globin haplo- 

type category did not influence the occurrence of ASS. 

 
3.4.1 |  Early  prognostic  factors  for  VOC  events 

Regarding VOC events, univariate analysis of data at inclusion showed 

that low Hb level (<8 g/dL), and % high dense cells correlated with the 

 

occurrence of a VOC event (P = 0.004 and 0.018, respectively). Con- 

versely HbF levels at 4 months (whether in %, concentration or F-cells 

%) were not predictive. Likewise, the HbF genetic score did not influ- 

ence VOC outcome. 

 
3.5 | Analysis of longitudinal data 

3.5.1 | Clinical data 

During the first 2 years of life, SCA infants, regardless of disease 

severity, demonstrated normal growth with only one child displaying a 

Z score for BMI < −3 SD at 24 months. The proportion of infants with 

splenomegaly increased during the time frame of the study with none 

of the infants having a palpable enlarged spleen at enrollment. 

However, 10 patients (20%) had an enlarged spleen at 2 years of age 

and at least 19 patients (33.3%) experienced palpable splenomegaly at 

some point during the study period. 

 

3.5.2 | Biological data 

The present study allowed us to establish longitudinal trends for con- 

ventional and SCA-specific laboratory parameters during the first   2 

years of life (Supporting Information Tables 2 and 3). Comparison of 

parameters at entry and exit yielded expected marked differences, 

illustrating the highly dynamic changes occurring during this time 

frame, notably regarding absolute neutrophils and reticulocyte counts. 

At 3-6 months, reticulocytes exhibited a specific profile of expression 

of  erythroid  adhesion  markers,  as  previously  reported  13,  with  an 

increased expression of Lu-BCAM on reticulocytes. By age 2, the ratio 

of Lu-BCAM positive reticulocytes, that is, the % of positive cells 

among total reticulocytes did not increase. In contrast the numbers of 

Lu-BCAM expressing mature red cells increased significantly, as well 

as the mean fluorescence intensity (MFI), reflecting the maturation of 

Lu-BCAM positive reticulocytes into mature cells with time 

(Supporting Information Table 3). The expression of other known ery- 

throid adhesion markers on reticulocytes increased over time, mainly 

because of an increase in the reticulocyte count (Supporting Informa- 

tion). The fraction of dense cells as well as deformability parameters 

remained   unchanged   during   the    study    period.    HbF    %  (or 

concentration) steadily decreased over time and reached a mean 

level of 21% at 24 months of age. 

 
 

4 | DISCUSSION  

 
Despite many attempts and numerous reported studies over the last 

three decades, early, robust and validated prognostic factors are still 

lacking in SCA 4. The absence of conclusive data relates in part to the 

highly complex pathophysiology of SCA but also to important dispar- 

ities in design, inclusion criteria, age at sampling and definition of clini- 

cal severity used in the different studies. Furthermore, constant 

improvement in early diagnosis, management and preventive strate- 

gies makes it difficult to compare the findings from the diverse previ- 

ously reported studies. The primary objective of our study was 

therefore to enroll very young infants before the occurrence of clinical 

events to analyze prospectively the predictive value of clinical 
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features and relevant biomarkers that can account in subsequent 

complications. 

Because the strategies for clinical management of SCA have dras- 

tically changed over  the  years  21,  we  chose severity end  points  to 

reflect the current burden of SCA in the context of a well-developed 

health care system. For instance, as families are educated to treat 

moderate pain at home, we chose to measure painful events requiring 

hospitalization, thereby capturing episodes of severe pain causing 

substantial morbidity. In contrast to previous studies, the prospective 

and longitudinal design of the present study in conjunction with 

enrollment of infants at a very young age (4 months) and the compre- 

hensive examination of biomarkers before the occurrence of complica- 

tions enabled us to obtain robust predictive data in spite of the 

relatively small size of our study cohort. There is no reason to believe 

that this cohort might differ from the general SCA population, as there 

was no benefit from the study (no additional access to medication or 

medical care). 

Over 20 years ago, Platt et al. concluded that a high level of 

HbF in adults and older children predicted improved survival in SCA 

patients and was probably a reliable childhood forecaster of adult 

life expectancy 22. In fact, despite the very well established benefi- 

cial effect of an elevated HbF level in SCA, no study has previously 

prospectively demonstrated its protective value when measured in 

infants. In the present study, among all the potentially relevant 

parameters that were analyzed, HbF level (whether in total percent- 

age or concentration or F-cells) measured around 4 months of age 

was indeed the most robust predictive factor of a severe SCA- 

related outcome in the first 2 years of life, extending the observa- 

tions of Platt into infancy. Moreover, a significant protective thresh- 

old value of HbF at 4 months was identified (33.5%, 2.8 g/dL, or 80% 

F-cells, respectively). This finding in our young cohort contrasts with  

those  in  the  study  by  Miller  23,  in  which  no  such  predictive value 

for HbF was shown, possibly because measurements were per- 

formed later (in the second year of life), clinical outcomes studied 

were different (including nonhospitalized pain) and preventive strat- 

egies for cerebrovascular disease and pneumococcal infections had 

not been implemented. 

We sought to decipher the protective role of HbF by looking at 

the genetic determination of HbF production. As expected, all HbF- 

related measures (F-cells and HbF %) were highly correlated and were 

consistently predictive. Although known genetic variants only account 

for 10-20% of HbF production 24, in infants it might be expected that 

most of the variation in HbF levels is caused by genetic factors, with 

relatively less variation due to acquired and environmental factors. 

We therefore tested a previously validated score g(HbF), representing 

the genetic component of % HbF 19. A very strong correlation with 

HbF production after 6 months of age was noted. Interestingly, the 

major (and only) contributor to such correlation was the BCL11A 

rs1427407 variant. However, the score failed to have a prognostic 

value for severe clinical outcomes as did, predictably, each of the vari- 

ants analyzed, including BCL11A rs1427407. The lack of correlation 

of this genetic score with clinical outcomes in our cohort may relate 

to the differences in genetic background and age of the cohorts in 

which the score was initially validated, and additional genetic determi- 

nants may be of importance. However, this result also strongly 

 

suggests that nongenetic determinants of HbF are important in modu- 

lating clinical severity, even in very young children. Thus, although 

genetic loci can strongly influence phenotypic expression of SCA, their 

accuracy for predicting clinical severity in individuals is not reliable 

and results cannot be extrapolated easily across cohorts of diverse ori- 

gins. In contrast, we demonstrate that a readily available and cost- 

effective measurement of HbF at 4 months of age may be of impor- 

tant clinical relevance. 

Importantly, other previously reported biomarkers, notably the 

ARC 25, leucocyte counts 23, Lu-BCAM expression 26 and more gen- 

erally adhesion molecules failed to provide prognostically significant 

insights in our study. Regarding reticulocyte and leucocyte counts, 

differences in study design might account for these discrepancies 

27,28. Regarding adhesion molecules, the reason for not being able to 

document such effects in the present study may be related to the 

fact that our measurements were performed at 4 months of age, 

before these biomarkers are fully expressed. Their predictive value 

may therefore be of importance for complications occurring later in 

life. Another explanation could be that the expression of adhesion 

molecules does not accurately reflect their adhesion activity, which 

would be more adequately analyzed by functional adhesion experi- 

ments. We are aware of the relatively small size of our cohort and 

the limited period of observation that may also explain such discrep- 

ancy. However we want to emphasize the power of our longitudinal 

prospective study to provide accurate prognostic data, in contrast to 

correlative studies that are based on cross sectional or retrospective 

design, and as such, do not allow the determination of a prognostic 

value. While the latter have yielded valuable insights into pathophysi- 

ological pathways, clinical relevance is not easily evidenced nor repli- 

cated 3. 

Reference hematological values for SCD infants from the Cooper- 

ative Study of Sickle Cell Disease cohort was published a number of 

years ago 29. Our study significantly extends this data set with longitu- 

dinal examination of novel biological determinants including the 

expression profile of adhesion molecules, cell density and deformabil- 

ity parameters, on both reticulocytes and mature red cells. The very 

early enrolment and the longitudinal design of this study enabled us 

to obtain comprehensive insights into the clinical and biological 

changes occurring in the first 2 years of life, in relation to clinical out- 

come. At enrolment, infants displayed mild anemia (Hb 9.3 +/−1.3 g/ 

dL), in association with high levels of dense red cells (22%), remarkably 

impaired deformability parameters and a sub population of reticulo- 

cytes displaying a specific profile of adhesion molecules expression. 

Thereafter, the most remarkable changes that occurred were the sig- 

nificant increase of neutrophils and reticulocytes. Surprisingly, Hb 

concentration remained rather stable possibly because HbF percent- 

age or concentration whilst decreasing remained at a fairly high level 

at 24 months (21%) 

SCA remains a severe disease. Contrasting with the absence of 

mortality, there was a high disease burden, illustrated by both the 

number of hospital admissions and the occurrence of severe SCA- 

related events during infancy. By 2 years of age, 44 (77%) infants of 

the cohort had required at least one hospitalization. In contrast to 

some other geographical settings, participation in studies in France is 

not expected to increase access to hospital or medication, because 
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there is free healthcare access to all. These high figures therefore 

should not be influenced by the fact that these infants were in a study 

and families more cautious. Notwithstanding hospital admissions, 

when specifically considering SCA-related events, 22 (38.6%) babies 

had experienced at least one severe event by 24 months. This data is 

consistent with the hospitalization rate reported in the nontreated 

arm of the BABY HUG trial 30. In contrast, no ACS was reported in 

our cohort as opposed to 27 events, a discrepancy possibly related to 

the older age of the BABY HUG cohort (mean age at enrollment: 13·5 

T2·8 months) with ACS occurring at a median age of 27 months (12-

39). Altogether, these results demonstrate the persistently high and 

early burden of SCA in very young children screened at birth and 

followed up in a socio economically privileged setting. 

Screening tools to select patients at high risk for complications 

remains a challenge in SCA management. Our study demonstrates 

the ability of HbF measured in the first months of life to robustly pre- 

dict disease severity. Following the BABY HUG trial 31, hydroxycar- 

bamide, which increases HbF level, was recommended for all SCA 

infants starting at 9 months of age, regardless of clinical severity 32. 

Our data also argues for an early use of HbF inducing agents as a dis- 

ease modifying treatment because a very large fraction of SCA 

infants will experience a severe complication in the first 2 years of 

age, because red cells are markedly abnormal by the age of 4 months, 

and because a low level of HbF is a strong marker of short-term 

severity. 
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